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 Campus parking lot stormwater (CPLSW) runoff mobilizes a variety of 
constituents from vehicular and atmospheric deposition that may pose risks to receiving 
aquatic systems. The overall objective of this research was to provide an approach for 
risk characterization, toxicity identification, and remediation of constituents of concern in 
CPLSW. The specific objectives of this research were to: (1) Characterize campus 
parking lot stormwater (CPLSW) to discern the constituents of concern present in these 
waters; (2) Perform TIE manipulations to identify possible fractions of concern in 
CPLSW, and; (3) Evaluate the performance of a pilot-scale constructed wetland treatment 
system (CWTS) designed to treat simulated CPLSW. Physicochemical measures of 
general water chemistry, metals, and oil and grease preceded toxicity tests. Toxicity tests 
and TIEs were performed using two sentinel species, Pimephales promelas Rafinesque 
and Ceriodaphnia dubia Richard in 7 day static/renewal tests with USEPA testing 
protocols as guidelines. Maximum concentrations of inorganics measured in samples of 
CPLSW were: 4,756 µg Al/L, 53 µg Cu/L, 1,206 µg Ni/L, and 908 µg Zn/L. Fish (P. 
promelas) were more sensitive to CPLSW than C. dubia with decreased survival in 92% 
and 15% of the samples (n=13), respectively. Using USEPA TIE methodology, aeration 
and solid phase extraction were each successful for decreasing mortality of P. promelas. 
Aerating the CPLSW samples for 14 days decreased mortality and increased reproduction 
of C. dubia. The decrease in toxicity due to aeration and solid phase extraction suggests 
volatile or readily oxidizable compounds and non-polar organics are primary causes of 




concern included: pH, alkalinity, total suspended solids, biological oxygen demand, 
chemical oxygen demand, metals, and oil and grease. Pilot-scale CWTS experiments 
were conducted using simulated CPLSW. In this pilot-scale CWTS, decrease 
concentrations of constituents of concern (i.e. Al, Cu, Ni, Zn, and oil and grease) were 
achieved from untreated (inflow) to treated (outflow) in all formulations of simulated 
CPLSW tested. Consequently, toxicity to P. promelas and C. dubia decreased from 
inflow to outflow, indicating the potential for remediation through removal of primary 
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Parking lot stormwater often contains a variety of elements and compounds in 
forms and concentrations that may pose risks to receiving aquatic system biota (Reinlet et 
al., 1995; Marsalek et al., 1999,). Parking lot stormwater runoff results from rainwater or 
snowmelt that contacts impervious or semi-impervious surfaces used for vehicle storage, 
and mobilizes inorganic and organic constituents. Many factors could influence 
concentrations of constituents and consequently toxicity from parking lots such as rainfall 
characteristics, antecedent conditions, traffic use, and maintenance (Tiefenthaler et al., 
2003, Greenstien et al., 2004). Data are limited regarding chemical and physical 
characteristics of campus parking lot stormwater (CPLSW), and risks that these waters 
may pose to receiving aquatic systems have not been identified. Thorough 
characterization of these waters is needed in order to identify potential risks and to 
facilitate development of efficient and effective treatment strategies.  
Sources of potential constituents of concern in CPLSW can be identified since 
most parking lots are solely used for parking and storage of vehicles. Vehicular deposits 
contribute both inorganic and organic constituents to stormwater (Davis et al. 2001; Kim 
et al. 2005). Elements of interest in parking lot stormwater include aluminum (Al), 
cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), lead (Pb), manganese (Mn), nickel 
(Ni), and zinc (Zn) (Sansalone et al. 1997; Ball et al. 1998; Pitt and Lalor 2000; Davis et 
al. 2001). Parking lot stormwaters routinely have the highest concentration of organic 
constituents (e.g. oil and grease) compared with runoff from other land uses [e.g. street 
runoff, vehicle service areas, and landscaped areas (Pitt et al. 1995)]. Parking lot sealers, 
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paint, and trash are also potential sources of constituents of concern in CPLSW (Kszos et 
al. 2004; Mahler et al. 2005). Stormwater constituents are likely site- and storm-specific 
(Pitt et al. 1995); therefore physicochemical characterization of CPLSW is needed from 
different parking lots and diverse storm events.  
Characterization data can be used for comparison to published literature and 
established guidelines to identify constituents that may pose risks to receiving system 
aquatic biota. The United States Environmental Protection Agency (U.S.EPA’s) Water 
Quality Criteria (WQC) documents and National Pollutant Discharge Elimination System 
(NPDES) general stormwater permits can be used to identify constituents of concern by 
comparison with concentrations of constituents in CPLSW. Water quality parameters 
identified from characterization of CPLSW that exceed WQC or NPDES permits can be 
deemed constituents of concern (COCs) and subsequently targeted for treatment.  
Contaminants associated with parking lot activities are considered a critical 
source of aquatic contamination and toxicity (Bannerman et al. 1993, Greenstien et al. 
2003). To further evaluate potential effects of CPLSW on receiving aquatic system biota, 
toxicity tests using sentinel aquatic species (i.e. Ceriodaphnia dubia Richard and 
Pimephales promelas Rafinesque) can be conducted. The fish (P. promelas) and 
microcrustaceans (C. dubia) are both distributed and abundant in temperate waters 
throughout North American lentic systems. Ceriodaphnia dubia and P. promelas are 
frequently used in toxicity tests and are sensitive to inorganic and organic constituents 
(APHA 1998). Through toxicity testing, C. dubia and P. promelas can be used to assess 
potential risks of CPLSW the receiving system. 
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 If toxicity is measured, a fractionation technique can characterize and identify 
general components and classes of compounds (i.e. fractions) of CPLSW that cause 
toxicity. Toxicity identification evaluation (TIE) methods have been used to characterize 
and confirm toxicity in complex mixtures (Van Sprang and Janssen 2001). TIEs are 
operationally-defined chemical and physical manipulations combined with toxicity tests 
to identify general components and classes of compounds that adversely affect sentinel 
species (Mount 1989; Norberg-King et al. 1992; Van Sprang and Janssen 2001). Initial 
TIEs are a treatability-based approach that consists of toxicant characterization steps in 
which general classes of compounds that cause toxicity are identified (Ford 1998). 
Manipulation techniques such as filtration, aeration, use of additives to chelate, minor pH 
adjustments, and separation techniques can be used in attempt to decrease toxicity. 
Ceriodaphnia dubia and P. promelas are routinely used in TIEs to evaluate toxicity and 
to assess potential risks to aquatic organisms (Norberg-King et al. 1992; APHA 1998). 
Use of TIEs to discern the fractions of concern (FOC) in CPLSW serves to identify 
appropriate treatment pathways that can be implemented for mitigation of the adverse 
effects. 
Constructed wetland treatment systems (CWTS) offer a robust and feasible option 
to mitigate risks from CPLSW. Using COCs/FOCs identified through initial 
characterization of CPLSW, CWTS can be specifically designed to transfer and transform 
constituents in CPLSW in order to alter toxicity (Rodgers and Castle 2008). Problems 
inherent with stormwater can be mitigated with properly design CWTS including 
decrease of peak flows and velocity, decreasing erosion, and modifying pollutants 
(Scholes et al., 1998). Knowing and manipulating macrofeatures (i.e. hydroperiod, 
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hydrosoil, and vegetation) to enhance transfers and transformations of COCs are key to 
successful treatment (Hawkins et al. 1997). Specifically designed CWTS have been used 
to treat many constituents of concern found in stormwater independently (e.g. copper, 
lead, and zinc; Hawkins et al. 1997; Gillespie et al. 1999; Murray-Gulde et al. 2005), 
however, there are relatively limited data regarding the efficacy of constructed wetlands 
for parking lot stormwater. 
This research investigates the composition of CPLSW and potential risks these 
waters pose to receiving aquatic systems biota as well as the remediation of these risks 
using CWTS. Due to inherent variability of sites and storm events, CPLSW needs to be 
characterized to adequately evaluate risks. This research has three major objectives:  
1. Characterize campus parking lot stormwater (CPLSW) to discern the constituents 
of concern present in these waters; 
2. Perform TIE manipulations on CPLSW to discern potential fractions of concern; 
3. Evaluate the performance of a pilot-scale constructed wetland treatment system 
(CWTS) designed to treat simulated CPLSW.  
1. CHARACTERIZE CAMPUS PARKING LOT STORMWATER (CPLSW) TO DISCERN THE 
CONSTITUENTS OF CONCERN PRESENT IN THESE WATERS.  
 
 The overall objective of this research was to characterize CPLSW to discern 
constituents of concern that may adversely affect downstream aquatic biota. The specific 
objectives were to: 1) measure physicochemical characteristics of CPLSW from diverse 
storm events; 2) compare physicochemical characteristics of CPLSW to WQC and 
NPDES general stormwater permits to determine potential COCs; and 3) conduct toxicity 
tests of CPLSW from diverse storm events using C. dubia and P. promelas.   
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 Samples of CPLSW runoff were collected from two asphalt parking lots on the 
Clemson University campus during storm events from October 2006 through July 2007. 
Inorganic and organic constituents were chosen for analysis based on a literature review 
of anthropogenic sources that likely contribute to parking lot stormwater. Constituents of 
concern were identified as physical or chemical constituents in CPLSW at sufficient 
concentrations to pose potential risks to receiving system biota. The CPLSW can be 
further characterized through laboratory toxicity testing. Toxicity tests using sensitive, 
sentinel aquatic species such as micro-crustaceans and fish may detect toxicity or the 
potential for adverse effects downstream that would not be predicted from 
physicochemical analyses. 
2. PERFORM TOXICITY IDENTIFICATION EVALUATIONS (TIE) MANIPULATIONS ON 
CPLSW TO DESCERN POSSIBLE FRACTIONS OF CONCERN. 
 
 The purpose of this study was to investigate an approach to better understand 
characteristics of toxicity in CPLSW. Specifically, the objectives of this research were: 1) 
to determine the utility of TIE methods for identifying fractions of concern (FOCs) in a 
campus parking lot stormwater (CPLSW) sample using TIE manipulations (Norberg-
King et al. 1992) and two sentinel species, C. dubia and P. promelas, and 2) to discern 
potential treatment pathways for the FOC(s) based on the results from the TIE 
manipulations.  
 Samples of CPLSW runoff were collected from an asphalt parking lot on the 
campus of Clemson University during the first 2.54 mm of a storm event. Physical and 
chemical manipulations were conducted on this water using modified methods of 
Norberg-King et al. (1991). Manipulations consist of: 1) aeration, 2) filtration, 3) solid 
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phase extraction (SPE), 4) ethylenediaminetetraacidic acid (EDTA) addition, 5) a pH 
adjustment, and 4) alkalinity and hardness adjustments. 
 Manipulations (as described above) were assessed for their ability to alter toxicity 
using sensitive sentinel species C. dubia and P. promelas. The effects of pre- and post- 
manipulated CPLSW on survival and reproduction of C. dubia and on survival of P. 
promelas were evaluated in 7 day static/renewal toxicity tests conducted following a U.S. 
EPA freshwater toxicity testing protocol with (n=30) organisms per exposure (U.S. EPA 
2002). 
3. EVALUATE THE PERFORMANCE OF A PILOT-SCALE CONSTRUCTED WETLAND 
TREATMENT SYSTEM (CWTS) DESIGNED TO TREAT SIMULATED CPLSW.  
 
 The purpose of this study was to assess the treatability of CPLSW with a 
pilot-scale CWTS design. This approach used a simulated CPLSW designed to closely 
mimic the composition of actual CPLSW based on data from physicochemical 
characterization. Specific objectives of this research were: 1) to characterize CPLSW and 
formulate simulated CPLSW; 2) to design and construct pilot-scale CWTS to remove 
specific targeted constituents in simulated CPLSW; and 3) to measure performance of the 
pilot-scale CWTS in terms of decreased concentrations of targeted constituents from 
inflow to outflow with concomitant decreases in adverse effects on sentinel species.   
  The aforementioned characterization of CPLSW (Chapter 2 & 3) was used to 
formulate simulated CPLSW. Formulation of simulated CPLSW was based on identified 
COCs and FOCs identified in the comprehensive characterization of CPLSW. Based on 
their presence in concentrations that pose potential risks for receiving aquatic system 
biota, six targeted constituents (Al, Cu, Ni, Zn, O/G, and pH) were chosen to represent 
CPLSW composition for the purpose of evaluating treatment effectiveness. Simulated 
 
 7 
waters allow for a complete knowledge of system input, which in turn allows for a better 
comparison with system output. Simulated CPLSW was used to evaluate a preliminary 
pilot-scale CWTS designed to treat specific COCs/FOCs.  
Because of the diverse composition of CPLSW, the treatment system needed to be 
robust in order to treat a wide range of concentrations and type of constituents. The 
treatment performance was evaluated based upon a decrease in concentrations of 
constituents of concern and concomitant decease in toxicity from inflow to outflow 
samples. 
SUMMARY 
The goal of this research is to further the understanding of characteristics of 
CPLSW and create more comprehensive and efficient methods for risk management. A 
better understanding of composition and toxicity of CPLSW will allow quantification of 
potential risks these waters pose for receiving aquatic biota. Physiochemical and 
toxicological evaluation will identify potential COCs present in CPLSW, providing 
parameters for development of treatment strategies. In addition, identifying effective TIE 
manipulations and FOCs could be incorporated in a pilot-scale CWTS for risk mitigation 
for further evaluation of potential performance. In this research, the risk based approach 
for identifying COCs and FOCs through a strategic characterization will facilitate an 
effective treatment system that utilizes CWTS.  
 This thesis is organized into chapters intended for publication in peer-reviewed 
journals. Therefore, some of the introductory information and materials and methods are 
repeated. Chapter 2 introduces the physicochemical characteristics and toxicity of 
CPLSW. Chapter 3 contains an approach that can identify the sources of toxicity in 
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CPLSW and identifying the toxic fractions from a CPLSW sample. Chapter 4 proposes a 
potential renovation strategy for CPLSW that is guided by toxicity information and 
physicochemical characteristics and targets specific COCs/FOCs. Chapter 5 summarizes 
the results from this research. 
Overall, this research will contribute to the knowledge of CPLSW composition 







































American Public Health Association (APHA). (1998) Standard Methods for the 
Examination of Water and Wastewater. 19th Edition. American Public Health 
Association, Washington, D.C. 
 
Ball, J.E., Jenks, R., Aubourg, D., (1998) An assessment of the availability of pollutant
 constituents on road surfaces. Science of Total Environment. 209, 243-254. 
 
Bannerman, R.T., Owens, D.W., Dodds, R.B., and Hornewer, N.J., (1993) Sources 
 of pollutants in Wisconsin stormwater. Water Science and Technology. 28, (3-5), 
  241-259. 
 
Davis, A.P., Shokouhian, M., Ni, S., (2001) Loading estimates of lead, copper, cadmium, 
 and zinc in urban runoff from specific sources. Chemosphere. 44, 997-1009. 
 
Ford, D.L., (1998) Introduction to toxicity identification and toxicity reduction 
 evaluations. (In (2nd Eds.) Toxicity reduction: evaluation and control. (pp. 17-28). 
 Technomic Publishing Company, Inc., Lancaster, PA. 
 
Gillespie, W.B., Jr., Hawkins, W.B., Rodgers, J.H., Jr., Cano, M.L., and Dorn, P.B., 
 (2000) Transfers and transformations of zinc in constructed wetlands: Mitigation 
 of a refinery effluent. Ecological Engineering. 14: 279–292. 
 
Greenstein, D., Tiefenthaler, L., Bay, S., (2004) Toxicity of parking lot runoff after 
 application of simulated rainfall. Environmental Contamination and Toxicology, 
 47, 199-206. 
 
Hahn, H.H., Pfeifer, R., (1994) The contribution of parked vehicle emissions to the 
  pollution of urban run-off. Science of the Total Environment 146/147, 525-533 
 
Hawkins, W.B., Rodgers, J.H., Jr., Dunn, A.W., Dorn, P.B., and Cano, M.L., (1997) 
 Design and construction of wetlands for aqueous transfers and transformations of 




Kim, L., Kayhanian, M., Zoh, K., Stenstrom, M.K., (2005) Modeling of highway 
 stormwater runoff. Science of the Total Environment 348, 1-18. 
 
Kszos, L.A., Morris, G.W., Konetsky, B.K., (2004) Source of toxicity in storm  
 water: zinc from commonly used paint. Environmental Toxicology and Chemistry 
 23, 12–16. 
 
Lopes, T.J., Fossum, K.D., (1995) Selected Chemical Characteristics and Acute Toxicity 
 of   Urban Stormwater, Steamflow, and Bed Material, Maricopa County, Arizona.  
 USGS Water –Resources Investigations Report 95-4074. 
 
Mahler, B, J., Van Metre P. C, Bashara T. J., Wilson J. T., Johns, D.A., (2005) 
 Parking lot sealcoat: An unrecognized source of urban polycyclic aromatic 
 hydrocarbons.  Environmental Science and Technology, 39, 5560–5566. 
 
Maltby, L., Boxall, A.B.A., Forrow, D.M., Calow, P., and Betton, C.I., (1995) The effects 
 of motorway runoff on freshwater ecosystems: 1. identifying major toxicants. 
 Environmental Toxicology and Chemistry, 14, 1093-1101.  
 
Marsalek, J., Rochfort, Q., Brownlee, B,. Mayer, T., Servos, M., (1999) An exploratory 
  study of urban runoff toxicity. Water Science and Technology 39, 33-39. 
 
Mount, D.I., and Anderson-Carnahan, L., (1988) Methods for aquatic toxicity 
 identification evaluations: Phase I toxicity identification procedures. EPA 600/3-
 88/034 U.S. Environmental Protection Agency, Duluth, Mn. 
 
Murray-Gulde., C.L., Bearr, J., Rodgers, J.H. Jr., (2005) Evaluation of a constructed 
 wetland treatment system specifically designed to decrease bioavailable copper in 
  a wastestream. Ecotoxicology and Environmental Safety 61, 60-63.  
 
Norberg-King, T.J., Mount, D.I., Amato, J.R., Jensen, D.A., Thompson, J.A., (1992) 
  Toxicity identification evaluation: Characterization of chronically toxic effluents,
 Phase 1. EPA/600/6-91/005F. U.S. Environmental Protection Agency, Duluth,




Pitt, R., Field, R., Lalor, M., Brown, M., (1995) Urban stormwater toxic pollutants:
 Assessment, sources, and treatability. Water Environmental Research 67, 260-
 275. 
 
Reinelt, L.E., Horner, R.R., (1993) Pollutant removal from stormwater runoff by
 palustrine wetlands based on comprehensive budgets. Ecological Engineering
 4, 77-97. 
 
Sansalone, J.J., Buchberger, S.G., (1997) Partitioning and first flush of metals in urban
 roadway storm water. Environmental Engineering 123, 134-143. 
 
Scholes, L., Shutes, R.B.E., Revitt, D.M., Forshaw, M., Purchase, D., (1998) The  
  treatment of metals in urban runoff by constructed wetlands. Science of the Total 
 Environment 214, 211-219.  
 
Tiefenthaler, L.L., Schiff, K.C., Bay. S.M., Greenstien, D.J., (2003) Effect of antecedent
 dry periods on the accumulation of potential pollutants on parking lot surfaces
 using simulated rainfall. In: Elmore D, Weisberg SB (eds) Southern California
 Coastal Water Research Project annual report 202-2003. Southern California
 Coastal Water Research Project, Westminster, CA, pp 216-223 
 
Van Sprang, P.A., and C.R. Janssen., (2001) Toxicity identification of metals:  
  Development of toxicity identification fingerprints. Environmental Toxicology 




















CAMPUS PARKING LOT STORMWATER RUNOFF: PHYSICOCHEMICAL 






Stormwater runoff from parking lots often contains a variety of elements and 
compounds in forms and concentrations that may pose risks to biota in receiving aquatic 
systems (Bannerman et al. 1993; Greenstein et al. 2003). Parking lot stormwater runoff 
results from rainwater or snowmelt that contacts impervious or semi-impervious surfaces 
used for vehicle storage, and mobilizes inorganic and organic constituents. Factors 
including rainfall characteristics (e.g. duration, intensity, and antecedent conditions), 
traffic intensity, and parking lot maintenance could influence the type and concentrations 
of constituents and consequently the toxicity of parking lot stormwater runoff 
(Tiefenthaler et al. 2003; Greenstien et al. 2004). It is likely that stormwater runoff from 
campus parking lots is unique due to the diversity and pattern of usage of the lots. In 
addition to limited data regarding chemical and physical characteristics of campus 
parking lot stormwater (CPLSW), consequent risks that these waters may pose to 
receiving aquatic systems have not been identified. Thorough characterization of these 
waters is needed in order to identify potential risks and to facilitate development of 
efficient and effective treatment strategies.  
Sources of potential constituents of concern in CPLSW can be identified since 
most parking lots are solely used for parking and storage of vehicles. Vehicular deposits 
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contribute both inorganic and organic constituents to urban stormwater (Davis et al. 
2001; Kim et al. 2005). Elements of interest in parking lot stormwater include elements 
such as aluminum (Al), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), lead (Pb), 
manganese (Mn), nickel (Ni), and zinc (Zn) (Ball et al. 1998; Davis et al. 2001; 
Sansalone et al. 1997; Pitt and Lalor 2000). Parking lot stormwaters routinely have the 
highest concentration of organic constituents (e.g. oil and grease) compared with runoff 
from other land uses (e.g. street runoff, vehicle service areas, and landscaped areas; Pitt et 
al. 1995). Parking lot sealers, trash, and paints are also potential sources of constituents of 
concern in CPLSW (Kszos et al. 2004; Mahler et al. 2005). Stormwater constituents are 
likely site and storm specific (Pitt et al. 1995); therefore physicochemical characterization 
of CPLSW is needed from a variety of parking lots as well as diverse storm events.  
The United States Environmental Protection Agency (USEPA) Water Quality 
Criteria (WQC) documents and National Pollutant Discharge Elimination System 
(NPDES) general stormwater permits can be used for guidelines to identify constituents 
of concern (COCs) in CPLSW. For this study, water quality parameters and elements or 
compounds measured through physicochemical analyses of CPLSW that exceed WQC or 
NPDES permit limits were deemed COCs that can be subsequently targeted for 
treatment.  
The CPLSW can be further characterized through laboratory toxicity testing. 
Toxicity tests using sensitive, sentinel aquatic species such as micro-crustaceans and fish 
may detect toxicity or the potential for adverse effects downstream that would not be 
predicted from physicochemical analyses. For example, Ceriodaphnia dubia Richard and 
Pimephales promelas Rafinesque are sensitive to both inorganic and organic constituents 
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which may be present in CPLSW and are routinely used to assess potential risks to 
aquatic organisms (APHA 1998).   
The overall objective of this research was to characterize potential risks of 
CPLSW to discern constituents of concern that may adversely affect downstream aquatic 
biota. The specific objectives were to: 1) measure physicochemical characteristics of 
CPLSW from diverse storm events; 2) compare physicochemical characteristics of 
CPLSW to WQC and NPDES general stormwater permits to determine potential COCs; 
and 3) conduct toxicity tests of CPLSW from diverse storm events using C. dubia and P. 
promelas.   
2. MATERIALS AND METHODS 
2.1 SAMPLING LOCATION 
 Samples of CPLSW runoff were collected from two asphalt parking lots (Sites A 
and B) on the Clemson University campus that drain into a receiving aquatic system (i.e. 
Hunnicutt Creek; Figure 1). The two sites differed in attributes (e.g. size and usage) that 
may affect composition of stormwater. Sample locations for these sites were concrete 
catch basins (1.39 m x 1.09 m Site A, 1.41 m x 1.65 m Site B) that provide discrete 
samples of parking lot runoff. The parking lot designated Site A is an employee/visitor 
parking lot with a total of 231 available spaces and average occupancy of 99 % during 
regular semester hours (CUIR 2007). The contributing drainage area of Site A is 1254 m² 
including 23 parking spaces. Site A has 3 shade trees in the drainage area and raised 
curbs which provide little to no infiltration of stormwater. The parking lot designated Site 
B is a residential/commuter asphalt parking lot with a total of 1089 spaces with a typical 
occupancy of 98 % during semester hours (CUIR 2007). The contributing drainage area 
 
 15 
of Site B is 6398 m² including 189 parking spaces. Site B has raised curbs with little to no 
tree cover. Both sites have asphalt surfaces that are unsealed and currently show minimal 
wear with relatively low maintenance.  
2.2 SAMPLING PROCEDURES 
Parking lot runoff samples were collected with ISCO® 6712 automated samplers 
equipped with an ISCO® 730 bubbler module. Collection was based on flow height which 
initiates sample collection after stormwater exceeds a preset limit. Flow proportional 
composite samples of CPLSW were pumped into 24 1-liter polypropylene bottles. 
Temperature, pH, alkalinity, hardness, dissolved oxygen (DO), chemical oxygen demand 
(COD), 5-day biological oxygen demand (BOD), total dissolved solids (TDS), total 
suspended solids (TSS), and elements were measured for each sample. All samples used 
for total elemental analyses were acidified with trace metal grade nitric acid (Fisher 
Scientific) to a pH of ≤ 2 SU and stored < 2 months before analyses. Oil and grease 
(O/G) samples were collected as grab samples using 1-liter I-Chem® glass bottles. If 
holding time was greater than 4 hours for O/G analyses, samples were acidified with 
technical grade hydrochloric acid (Fisher Scientific) to a pH of < 2 SU and stored at 4 ± 
1°C for < 28 days. Grab samples for toxicity tests were collected in 20 liter 
polypropylene cubitainers. Samples were stored at a temperature of 4 ± 1°C until further 
analyses and toxicity tests were performed.  
2.3 ANALYTICAL PROCEDURES 
Inorganic constituents were chosen for analysis based on a literature review of 
anthropogenic sources that likely contribute to parking lot stormwater (Table 1). Element 
concentrations (Al, Cd, Cr, Cu, Fe, Mn, Ni, Pb, and Zn) were measured with an 
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Inductively Coupled Plasma Atomic Emission Spectrometer (Spectro Flame Modula; 
ICP-AES) following EPA method 200.7 (USEPA 2001). Other stormwater characteristics 
measured included: pH, alkalinity, hardness, DO, COD, BOD, TDS, TSS, and O/G 
(Table 2). 
2.4 IDENTIFY CONSTITUENTS OF CONCERN 
Constituents of concern were identified as physical or chemical constituents in 
CPLSW at sufficient concentrations to pose potential risks to receiving system biota. 
NPDES permit limits and WQC documents were used to compare with CPLSW 
characteristics. NPDES permits and WQC documents were obtained from government 
websites (USEPA 2007a; USEPA 2007b). Constituents in CPLSW with concentrations 
that exceed NPDES permit limits or WQC were deemed COCs. In order to quantify the 
magnitude of exceedance, a risk quotient method (Barnthouse et al. 1986; Equation 1) 
was used which involved comparing maximum concentrations of COCs in CPLSW to the 
most conservative values from criteria.  
   COCs = 
Ceriodaphnia dubia and P. promelas were cultured at Clemson University’s 
Aquatic Animal Research Laboratory (USEPA 2002). Test organisms used were ≤ 24 h 
old at the initiation of each experiment. Ceriodaphnia dubia and P. promelas were 
exposed to CPLSW runoff in 7 day static/renewal toxicity tests conducted following a 
modified USEPA freshwater toxicity testing protocol with n=30 organisms per exposure 
(USEPA 2002). The endpoints of interest included survival and reproduction for C. dubia 
[CPLSW Constituent] 
    WQC or NPDES Criteria      
             Equation 1 
 
2.6 TOXICITY MEASUREMENTS 
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and survival for P. promelas. Significant differences in survival and reproduction in 
experimental and control trials were determined by analysis of variance (ANOVA) (α = 
0.05) followed by Dunnett’s and Tukey’s multiple comparison tests using the Statistical 
Analysis System (SAS Institute 2002). 
3. RESULTS  
3.1 PHYSICOCHEMICAL CHARACTERIZATION OF CAMPUS PARKING LOT STORMWATER 
 Samples of CPLSW were collected from October 2006 through July 2007. 
General water chemistry was analyzed from a total of 110 samples collected during 20 
storm events on Site A (Table 3). General water chemistry was analyzed from a total of 
70 samples collected from 16 storm events on Site B (Table 4). Rainfall accumulations 
from storm events ranged from 0.25 mm to 66.8 mm during this sampling period. 
Rainwater collected during these storm events had pH of 3.5 to 4.1 SU, non-detectable 
alkalinity, conductivity of 20.5 to 34.4 μS/cm, and hardness of non-detect to 8 mg/L as 
CaCO3. Analyses of general water chemistry ranges of CPLSW collected from Sites A & 
B include pH from 3.6 to 6.7 SU, alkalinity from non-detect to 30 mg/L as CaCO3, 
hardness from non-detect to 68 mg/L as CaCO3, conductivity from 20.5 to 226.2 μS/cm, 
TSS from non-detect to 584.9 mg/L, TDS from non-detect to 285.0 mg/L, COD from 
non-detect to 803 mg/L, and 5-day BOD from non-detect to 71 mg/L. Dissolved oxygen 
was always measured ≥ 7.40 mg/L in CPLSW samples. Oil and grease ranges for sites A 
and B are non-detect to 79 mg/L. Elemental analyses from Site A were based on 
collections of stormwater from 19 storm events with total of 116 samples (Table 5). 
Elemental analyses for Site B were based on collections of stormwater from 12 storm 
events with a total of 78 samples (Table 6). In summary, inorganics (at their maximum 
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concentrations) for site A & B include 4,756 µg Al/L, 5 µg Cd/L, 42 µg Cr/L, 53 µg 
Cu/L, 4,012 µg Fe/L, 833 µg Mn/L, 1,206 µg Ni/L, 130 µg Pb/L, and 908 µg Zn/L.   
3.2 CONSTITUENTS OF CONCERN IN CAMPUS PARKING LOT STORMWATER
 Constituents of concern were identified by comparison of physicochemical data 
with NPDES general stormwater permits and WQC documents. Based on these analyses, 
COC’s in CPLSW are pH, alkalinity, TSS, BOD, COD, O/G, Al, Cd, Cu, Fe, Ni, Pb, and 
Zn (Table 7). The risk quotient method quantified potential risk of COCs (in order of 
greatest risk) as: alkalinity, Zn, COD, Al, TSS, O/G, Cu, Fe, Ni, Cd, BOD, and Pb.  
3.3 TOXICITY MEASUREMENTS OF CAMPUS PARKING LOT STORMWATER 
 Responses of C. dubia and P. promelas to samples of CPLSW from Sites A & B 
are summarized in Table 8. Typically, fish (P. promelas) were more sensitive to CPLSW 
than C. dubia with decreased survival in 92% and 15% of the samples (n=13), 
respectively. With the exception of one storm event sampled (22-Dec-07), samples 
elicited greater responses from both species in the first portion of the storm event 
sampled in comparison to those samples taken later in the storm event. In all storm events 
P. promelas survival was more sensitive to CPLSW than C. dubia. There were several 
experiments in which C. dubia reproduction decreased in the first portion of the storm 
event; however survival was not routinely affected. Ceriodaphnia dubia reproduction 
was significantly different (p < 0.05) than controls in samples from three storm events of 
the seven sampled.  
4. DISCUSSION  
 Composition of rainfall is inherently region specific (Appelo and Postma 2005). 
In this case the rainwater was uniformly relatively poorly buffered (alkalinity non-detect) 
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with low ionic strength (conductivity 20.5 to 34.5 μS/cm). Concomitantly, rainwater had 
relatively low pH (3.54 to 4.04 SU) and low hardness (non-detect to 8 mg/L as CaCO3) 
making it an excellent slightly polar solvent (Stumm and Morgan 1996). Consequently, 
the CPLSW would mobilize materials that come into contact with the rainwater, both 
those that are relatively soluble as well as those transported by the runoff. Due to the 
relatively low ionic strength of rainwater and the lack of buffering capacity of asphalt 
parking lot surfaces (Sansalone and Buchberger 1997), CPLSW had an average pH of 5.5 
SU. In this case, CPLSW contained solutes from vehicular deposits as well as particulates 
transported by the storm events. These solutes are from vehicular deposition, atmospheric 
deposits, organic debris (e.g. leaves), as well as particulates from parking lot surfaces. 
First flush CPLSW contained significant particulate loads (TSS non-detect to 584.9 
mg/L), dissolved organic matter (5-day BOD non-detect to 71 mg/L), (COD non-detect to 
803 mg/L), visible oil sheen (O/G non-detect to 79 mg/L) as well as inorganics (e.g. Cu 
non-detect to 53 μg/L, and Zn non-detect to 908 μg/L). Previous studies reported similar 
concentrations of constituents (Table 9). Tiefenthaler et al. (2003) reported mean 
concentrations of Cu and Zn in parking lot runoff from simulated rainwater as 40.3 μg 
Cu/L, and 620.0 μg Zn/L. Pitt et al. (1995) reported maximum Cu concentrations of 770 
μg Cu/L, and 650.0 μg Zn/L with a mean of 56.0 μg/L and 110.0 μg/L, respectively. In 
addition to inorganic constituents, parked vehicles input mineral oil type hydrocarbons to 
urban stormwater that are comparable concentrations of as those characterized by high 
intensity traffic (Hahn and Pfeifer, 1994). Kim et al. (2007) reported event mean 
concentrations from parking lot runoff of COD of 84.7 mg/L and O/G of 11.6 mg/L. 
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 For this study, presumptive constituents of concern were those that exceeded 
criteria intended to protect aquatic life as well as those required in sufficient quantities to 
support aquatic life. By examination, the rainfall prior to contact with the parking lot or 
earths’ surface would likely be toxic due to lack of sufficient pH, ionic strength, 
alkalinity, and hardness to support aquatic organisms. For CPLSW, other constituents 
such as TSS, BOD, COD, O/G, Al, Cd, Cu, Fe, Ni, Pb, and Zn were significantly 
elevated and could pose potential risks to aquatic biota downstream based on WQC and 
NPDES permit limits. The frequency that storm events exceeded criteria or had 
observable toxicity varies for each constituent (Table 10). Typically, the most common 
parameters in a storm event that exceeded criteria were pH and alkalinity. In addition, 
elements such as Al, Cu, Fe, Pb, and Zn were at concentrations that exceed criteria more 
than 50% of the storm events sampled from Site A. Sansalone and Buchberger (1997) 
also found that Cd, Cu, and Zn event mean concentrations exceeded water quality 
standards in stormwater runoff from an urban roadway.  
 Since organisms used in toxicity testing can integrate information regarding the 
effects of exposures to the myriad of constituents that may occur in CPLSW, the toxicity 
test results may readily relate to the analytical results or may indicate the need to pursue 
unidentified sources of toxicity. In this study, toxicity of CPLSW ranged from no 
detectable toxicity to complete mortality for both P. promelas and C. dubia. However, 
across the seven storm events tested, P. promelas was more sensitive to CPLSW. For all 
seven storm events sampled, at least one sample was acutely toxic to P. promelas, 
whereas toxicity was significant for C. dubia from only two of the seven storm events. 
Stormwater runoff from parking lots has elicited adverse responses from aquatic biota in 
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previous studies (Lopes and Fossum 1995; Greenstien et al. 2003). Lopes and Fossum 
(1995) found that parking lot stormwater was more toxic to P. promelas than C. dubia 
and that toxicity to P. promelas was attributed to elevated concentrations of unidentified 
organic constituents in urban stormwater. Lopes and Fossum (1995) also found that the 
toxicity that was observed for C. dubia was only present after the asphalt parking lot was 
resurfaced. However, after several storms rinsed the parking lot surface, the toxicity to C. 
dubia was on longer observed. Greenstein et al. (2003) observed toxicity for purple sea 
urchin fertilization in every sample tested from parking lot stormwater during a simulated 
rain event. The toxicity of parking lot stormwater for the sea urchin fertilization was 
linked primarily to the dissolved phase Zn through a toxicity identification evaluation 
(Greenstien et al. 2003). 
 This study involved runoff from campus parking lots in Clemson, SC. Given the 
latitude and altitude of this site, data obtained did not include snow, snow melt, salts, or 
any other deicing agents. Further, this site is relatively low maintenance with minimal 
application of fertilizers, pesticides, sealants, and paints.  
 This study provided an opportunity to compare COCs that could cause adverse 
effects for aquatic life with actual toxicity measurements on synoptic samples. Based 
upon the risk quotient method approach for identifying COCs, we anticipated frequent 
mortality of both fish and macro-invertebrates. Toxicity due to hydrogen ion 
concentrations (i.e. low pH) should be prevalent. Further, toxicity due to elements (i.e. 
Al, Cd, Cu, Fe, Ni, Pb and Zn) in CPLSW should be manifested frequently by C. dubia. 
Interestingly, C. dubia was not adversely impacted as often as the risk quotient method 
indicated. The patterns of toxicity indicated that the bioavailability of constituents of 
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concern was potentially altered. In addition, the patterns of toxicity indicated that the 
cause or sources of the toxicity vary. Clearly, CPLSW can adversely affect downstream 
aquatic biota. Based upon results from this study, the COCs from CPLSW can and should 
be remediated, however the remediation strategy will necessarily be robust since the 
source and degree of toxicity varies. 
5. SUMMARY 
 Composition of CPLSW varies widely in terms of both constituents and 
concentrations. Constituents and consequent risks may be site specific; therefore, 
comprehensive characterization of CPLSW was needed to assess these risks. After 
comprehensive analyses of physical and chemical constituents and comparison with 
WQC values and NPDES limits, a number of specific constituents were determined to be 
of concern. Based on these analyses, COCs in CPLSW are: pH, alkalinity, TSS, BOD, 
COD, O/G, Al, Cd, Cu, Fe, Ni, Pb, and Zn. The fish (P. promelas) were more sensitive to 
CPLSW than C. dubia with decreased survival in 92% and 15% of the samples (n=13), 
respectively. Typically samples from the first portion of the storm event were more toxic 
than samples taken later in the storm. Ceriodaphnia dubia and P. promelas toxicity 
ranged from no detectable toxicity to complete mortality. However, P. promelas were 
more sensitive to CPLSW than C. dubia in every sample tested. Based upon results from 
this study, the COCs from CPLSW can and should be remediated, however the 
remediation strategy will necessarily be robust since the source or cause and degree of 
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Table 1 Reported sources of elements in parking lot runoff from anthropogenic sources.  
 
Constituent     Sources       
Aluminumd Paint, drainage material     
Cadmiuma,b,c Tire wear, brake wear   
Chromiuma,c Metal plating, brake wear, tire wear    
Coppera,b,c Metal plating, bearing and brushing wear, moving engine parts, brake lining wear 
Irona,c Auto rust, moving engine parts, auto frame and body, litter 
Leada,b,c Auto exhaust, tire wear, lubricating oil and grease, bearing wear  
Manganesea Moving engine parts     
Nickela,c Diesel fuel, lubricating oil, metal plating, brushing wear,  
 brake lining wear, asphalt paving, tire wear   
Zinca,b,c Tire wear, motor oil, grease, brake wear, auto frame and body 




Table 2 Analytical methods for parameters measured in water samples from CPLSW 
(APHA 1998).                  
Parameter         Method                                  Method Detection Limit 
Temperature  Direct Instrumentation: YSI Model 52  0.5°C   
pH   Direct Instrumentation: Orion Model 420A             0.01 
Conductivity  Direct Instrumentation: YSI 30   0.1 µS/cm 
Alkalinity  Standard Methods: 2320 B   2 mg/L as CaCO3 
Hardness  Standard Methods: 2340 C   2 mg/L as CaCO3 
DOa   Direct Instrumentation: YSI Model 52  0.1 mg/L 
CODb   Closed reflux colorimetry (HACH -             3 mg/L 
      modified from Standard Methods: 5220D) 
BOD5c   Standard Methods: 5210 B    0.1 mg/L 
TSSd   Standard Methods: 2540 D    0.1 mg/L 
TDSe   Standard Methods: 2540 C    0.1 mg/L                                                                
Metals     Inductively Coupled Plasma Atomic Emission      0.045 mg/L Al 
Spectrometry (ICP-AES) (EPA Method 200.7)     0.003 mg/L Cd  
                          0.006 mg/L Cr 
              0.005 mg/L Cu 
                0.020 mg/L Fe     
               0.059 mg/L Pb 
        0.002 mg/L Mn 
        0.015 mg/L Ni 
        0.002 mg/L Zn 
O/G   EPA Method 1664, Revision A (U.S. EPA 1999) 5 mg/L 
Toxicity  Ceriodaphnia dubia 
   Pimphales promelas (U.S. EPA, 2002) 
 
a Dissolved Oxygen    d Total Suspended Solids 
b Chemical Oxygen Demand   e Total Dissolved Solids 





Table 3 Mean general water characteristics of CPLSW from Site A (n=110). 
 
Storm Rainfall ADDa D.O.  Cond  pH Alk Hard TSS TDS BOD COD O/G 
Event mm   mg/L μS/cm SU mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
17-Oct-06 54.86 15 8.50 57.5 5.71 7 14 71 49 6.3 233 5 
19-Oct-06 5.33 1 7.40 79.3 5.55 11 22 NA NA NA NA NA 
27-Oct-06 39.62 7 8.71 41.0 6.13 8 15 106 26 4.8 146 NA 
16-Nov-06 40.13 20 9.00 44.1 6.01 8 11 33 52 5.1 253 NA 
22-Dec-06 23.88 21 8.41 35.8 6.04 4 8 NA NA NA NA NA 
5-Jan-07 35.56 4 8.37 38.6 6.00 7 11 90 15 2.9 50 NA 
8-Jan-07 45.21 2 8.45 35.0 6.24 9 10 18 24 1.5 13 ND 
22-Jan-07 26.16 13 8.65 31.3 5.82 5 7 29 24 0.3 43 ND 
2-Feb-07 21.59 11 8.46 64.9 6.22 6 8 25 10 1.3 98 79 
14-Feb-07 22.35 11 8.88 35.2 6.23 6 7 252 24 3.2 294 9 
22-Feb-07 23.62 7 8.08 57.7 6.35 17 18 331 43 9.9 314 18 
1-Mar-07 66.80 6 8.97 41.0 5.92 6 10 85 16 2.5 122 6 
16-Mar-07 12.19 15 8.32 61.2 5.86 6 12 158 30 9.1 194 ND 
1-Apr-07 7.62 15 7.56 118.7 5.44 16 30 120 83 14 292 ND 
4-Apr-07 3.30 3 8.48 48.4 5.37 5 15 114 67 8 123 NA 
11-Apr-07 5.33 6 7.52 118.8 5.45 13 33 122 150 22 183 NA 
14-Apr-07 5.59 2 8.42 38.6 5.15 4 8 49 35 11 74 NA 
3-Jun-07 4.06 18 7.65 64.4 4.49 7 14 83 156 7 277 NA 
10-Jul-07 0.25 6 8.91 143.6 5.50 15 36 85 188 50 353 NA 
17-Jul-07 4.32 6 8.77 57.0 5.38 5 10 18 26 7 142 NA 
aAntecedent dry days (ADD) 
NA Not available, ND non-detect 
 
 30 
Table 4 Mean general water characteristics of CPLSW from Site B (n=70). 
 
Storm Rainfall ADDa D.O.  Cond  pH Alk Hard TSS TDS BOD COD O/G 
Event mm   mg/L μS/cm SU mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
22-Dec-06 23.88 21 8.66 47.2 5.14 1 7 NA NA NA NA NA 
5-Jan-07 35.56 4 8.41 25.4 5.40 2 3 63 7 2.1 10 14 
8-Jan-07 45.21 2 8.24 24.1 5.68 8 4 9 9 1.2 25 9 
22-Jan-07 26.16 13 8.05 31.1 4.39 1 3 21 13 NA 13 ND 
2-Feb-07 21.59 11 8.70 48.2 5.80 3 3 9 5 0.4 43 NA 
14-Feb-07 22.35 11 8.94 30.2 5.70 2 5 41 1 4.5 61 NA 
22-Feb-07 23.62 7 8.20 41.2 5.96 4 5 149 38 5.5 78 NA 
25-Feb-07 25.65 6 8.45 32.7 5.59 2 4 44 21 NA 63 NA 
1-Mar-07 66.80 15 8.56 24.4 5.38 2 3 48 9 0.8 39 ND 
16-Mar-07 12.19 15 8.72 30.1 5.90 3 5 28 10 NA 38 19 
1-Apr-07 7.62 3 8.57 59.3 5.27 15 8 85 13 9.0 250 ND 
4-Apr-07 3.30 6 8.61 42.6 5.68 2 6 77 43 6.9 120 NA 
11-Apr-07 5.33 2 8.13 65.9 5.55 5 15 33 27 6.8 71 NA 
14-Apr-07 5.59 18 8.64 42.9 5.26 4 8 84 9 19.4 79 NA 
10-Jul-07 0.25 6 8.32 111.7 3.88 0 28 199 91 18.1 150 NA 
17-Jul-07 4.32 6 8.49 56.6 4.15 1 9 49 32 9.2 84 NA 
aAntecedent dry days (ADD) 
NA Not available, ND non-detect 
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Table 5 Elemental analyses (μg/L) of CPLSW from Site A by ICP-AES.  
 
Storm Event Rainfall  Sample        Element (µg/L)     
  (mm) Size    Al Cd Cr Cu Fe Mn Ni Pb Zn 
16-Oct-2006 54.86 8 Avg 414 ND NA 22 629 87 70 ND 93 
   Min 98 ND NA 10 126 14 18 ND 32 
   Max 717 ND NA 31 1,179 215 111 65 140 
27-Oct-2006 39.62 7 Avg 626 ND NA 14 1,025 152 NA ND 65 
   Min 200 ND NA 11 269 41 NA ND 43 
   Max 878 ND NA 20 1,560 385 NA ND 89 
11-Nov-2006 40.13 6 Avg 489 ND NA 20 794 97 NA ND 63 
   Min 204 ND NA 11 207 42 NA ND 30 
   Max 931 ND NA 53 1,593 175 NA 62 134 
1-Dec-2007 5.33 4 Avg 775 ND 26 8 1,271 312 88 ND 57 
   Min 158 ND 26 ND 236 114 30 ND 51 
   Max 1,159 ND 27 10 1,947 357 130 64 69 
22-Dec-2006 23.88 15 Avg 423 ND NA ND 666 88 NA 67 46 
   Min 235 ND NA ND 335 18 NA ND 34 
   Max 600 ND NA 9 1,032 145 NA 68 72 
5-Jan-2007 35.56 3 Avg 775 ND 26 ND 1,271 97 88 ND 57 
   Min 158 ND 26 ND 236 43 30 ND 51 
   Max 1,159 ND 27 10 1,947 165 130 64 69 
7-Jan-2007 45.21 7 Avg 239 ND 29 8 340 112 42 72 27 
   Min 89 ND 28 ND 108 54 21 ND 17 
   Max 504 5 33 23 809 241 63 79 41 
21-Jan-2007 26.16 2 Avg 579 ND 32 ND 1,282 238 76 ND 54 
   Min 556 ND 30 ND 1,199 112 75 ND 49 
   Max 601 ND 33 ND 1,364 365 76 ND 58 
2-Feb-2007 21.59 3 Avg 620 ND 11 ND 902 146 92 ND 58 
   Min 557 ND 9 ND 787 98 79 ND 43 
   Max 692 ND 13 ND 1,082 212 116 ND 80 
13-Feb-2007 22.35 3 Avg 2,148 ND 23 19 1,012 132 475 60 353 
   Min 247 ND 12 ND 313 78 50 ND 46 
   Max 4,756 ND 42 48 4,012 165 1,206 112 908 
21-Feb-2007 23.62 3 Avg 2,616 ND 16 9 1,245 149 278 ND 133 
   Min 2,374 ND 14 ND 345 68 248 ND 102 
   Max 2,777 ND 18 10 3,142 210 325 ND 192 
1-Mar-2007 66.80 18 Avg 827 ND 19 ND 1,077 76 110 68 86 
   Min 327 ND 16 ND 395 17 51 ND 26 
   Max 1,872 ND 22 16 2,292 156 242 77 296 
16-Mar-2007 12.19 6 Avg 2,127 ND 24 22 952 215 255 92 329 
   Min 467 ND 21 ND 454 42 76 ND 69 
   Max 3,294 ND 27 33 2,642 366 369 104 526 
4-Apr-2007 3.30 2 Avg 804 ND 17 13 1,437 370 98 ND 141 
   Min 199 ND 16 ND 284 124 34 ND 67 
   Max 1,409 ND 18 18 2,590 246 162 60 216 
11-Apr-2007 5.33 6 Avg 1,289 ND 26 25 2,076 333 186 75 236 
   Min 845 ND 22 10 1,217 152 136 ND 145 
      Max 2,032 ND 31 36 3,754 445 307 85 289 
NA Not available, ND non-detect 
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Table 5 (Continued) 
 
Storm Event Rainfall  Sample        Element (µg/L)     
  (mm) Size   Al Cd Cr Cu Fe Mn Ni Pb Zn 
14-Apr-2007 5.59 6 Avg 903 ND 28 23 1,996 387 103 79 321 
   Min 344 ND 26 ND 757 72 65 ND 85 
   Max 1,768 ND 31 51 3,644 833 173 84 648 
3-Jun-2007 0.25 7 Avg 475 ND 18 23 606 168 70 ND 170 
   Min 269 ND 16 10 293 74 53 ND 97 
   Max 774 ND 20 42 1,031 269 111 60 260 
10-Jul-2007 5.33 3 Avg 1,327 ND 25 26 3,191 341 155 74 410 
   Min 684 ND 23 20 1,369 274 75 ND 335 
   Max 2,330 ND 29 37 3,947 439 277 81 547 
17-Jul-2007 4.06 7 Avg 863 ND 26 16 2,309 87 130 73 128 
   Min 78 ND 18 ND 83 12 34 ND 33 
      Max 1,672 ND 34 36 3,628 160 233 82 228 






Table 6 Elemental analyses (μg/L) of CPLSW from Site B by ICP-AES. 
 
Storm Event Rainfall  Sample        Element (µg/L)     
  (mm) Size    Al Cd Cr Cu Fe Mn Ni Pb Zn 
5-Jan-07 35.56 6 Avg 667 ND 22 ND 885 71 66 ND 24 
   Min 131 ND 18 ND 96 42 19 ND 13 
   Max 1,242 ND 26 10 1,663 112 128 ND 29 
7-Jan-07 45.21 15 Avg 263 ND 32 11 198 34 26 85 21 
   Min 105 ND 22 ND 55 18 17 ND 16 
   Max 624 ND 37 38 521 82 49 107 28 
21-Jan-07 26.16 8 Avg 261 ND 31 ND 455 35 31 60 32 
   Min 205 ND 29 ND 268 13 23 ND 22 
   Max 409 4 32 ND 829 85 48 64 61 
2-Feb-07 21.59 4 Avg 203 ND 32 ND 576 36 27 60 29 
   Min 128 ND 29 ND 327 16 14 ND 24 
   Max 343 ND 34 ND 1,025 52 47 62 34 
13-Feb-07 22.35 4 Avg 414 ND ND ND 802 27 53 ND 43 
   Min 128 ND ND ND 124 10 20 ND 15 
   Max 962 ND 15 ND 2,156 65 122 ND 101 
21-Feb-07 23.62 6 Avg 1,209 ND 14 ND 2,042 43 122 ND 38 
   Min 669 ND ND ND 691 15 82 ND 28 
   Max 1,745 ND 16 ND 3,755 75 174 ND 49 
25-Feb-07 25.65 10 Avg 437 ND 13 ND 494 26 60 ND 28 
   Min 129 ND ND ND 140 7 22 ND 14 
   Max 969 ND 17 ND 1,270 54 136 60 48 
1-Mar-07 66.80 8 Avg 645 ND 20 ND 692 40 80 ND 25 
   Min 26 ND 15 ND 71 13 25 ND 19 
   Max 966 ND 25 ND 1,028 190 114 84 41 
4-Apr-07 3.30 3 Avg 604 ND 20 12 949 67 88 ND 92 
   Min 94 ND 19 ND 104 29 28 ND 47 
   Max 1,234 ND 22 21 1,942 113 177 65 151 
11-Apr-07 5.33 5 Avg 327 ND 25 11 584 62 42 ND 111 
   Min 179 ND 22 ND 211 18 20 ND 53 
   Max 725 ND 27 22 1,556 114 99 87 201 
14-Apr-07 5.59 2 Avg 739 ND 23 12 1,150 91 76 ND 167 
   Min 302 ND 22 ND 586 31 39 ND 46 
   Max 1,176 ND 24 18 1,713 151 112 68 287 
30-Jul-07 7.87 7 Avg 642 ND 19 ND 1,319 72 77 ND 61 
   Min 363 ND 16 ND 464 49 38 ND 26 
      Max 986 ND 21 12 2,258 94 135 61 93 






Table 7 Constituents of Concern in CPLSW as determined from analyses of samples 
from Sites A and B based on WQC document and NPDES permit limits. 
 
  Site A Site B Criteriaa Risk     
Constituent Range Range Range Quotient COCs Units 
  Min. Max. Min. Max. Min. Max.       
pH 3.6 6.7 3.8 6.4 6.00 9.00 NA pH SU 
Alkalinity ND 30 ND 26 20  10.00b Alkalinity mg/L 
TSS ND 585 ND 331  100 5.85 TSS mg/L 
BOD ND 71 ND 24  30 2.37 BOD mg/L 
COD ND 803 ND 520  120 6.69 COD mg/L 
O/G ND 79 ND 41  15 5.27 O/G mg/L 
Elements, Total          
Aluminum 78 4,756 ND 3,755  750 6.34 Al μg/L 
Cadmium ND 5 ND 4 2 16 2.50 Cd μg/L 
Chromium ND 42 ND 37  570 0.07  μg/L 
Copper ND 53 ND 38 13 64 4.07 Cu μg/L 
Iron 68 4,012 55 3,755  1,000 4.01 Fe μg/L 
Lead ND 130 ND 107 65 82 2.00 Pb μg/L 
Manganese ND 833 ND 190  1,000 0.83  μg/L 
Nickel ND 1,206 ND 177 470 1,417 2.57 Ni μg/L 
Zinc ND 908 ND 287 117 120 7.76 Zn μg/L 
aWQC document and NPDES limit values 
bDetection limit of 2 mg/L as CaCO3 used as minimum value 
NA not available, ND non-detect 
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Table 8 Responses of C. dubia and P. promelas to CPLSW grab samples from Sites A 
and B. 
 
        C. dubia P. promelas 
Site Storm Event Antecedent  Rainfall  Survival Reproduction Survival 
  Date Dry Days (mm)       
A 16-Oct-06 15 2.54 77%a Decreasedb 3%a 
   24.13 100% No Effect 50%a 
   54.86 97% No Effect 60%a 
 19-Oct-06 1 0.76 93% No Effect 10%a 
   2.54 97% No Effect 23%a 
 27-Oct-06 8 5.08 83% Decreasedb 50%a 
   35.56 100% No Effect 83% 
 16-Nov-06 8 2.54 100% No Effect 63%a 
   38.10 100% No Effect 73%a 
 10-Jul-07 25 2.54 97% Decreasedb 0%a 
B       
 22-Dec-07 2 2.54 93% No Effect 37%a 
   20.32 100% No Effect 30%a 
  10-Jul-07 25 2.54 0%a NA 0%a 
aSurvival is significantly different from control (p<0.05) 
bReproduction is significantly different from control (p<0.05) 




Table 9 Reported concentrations of constituents in parking lot stormwater.  
 
  CPLSW Avg.a Bannermanb Tiefenthalerc  Pittd  Kime  Stenstromf 
Constituents Site A Site B et al. (1993)  et al. (2003)  et al. (1995) et al. (2007) et al. (1984) 
pH (SU) 5.7 5.3   7.3   
TSS (mg/L) 89 49 58.0  110.0 37.4  
COD (mg/L) 169 81    84.0  
O/G (mg/L) 12 8    11.0 15.3 
Elements, Total       
Al (μg/L) 910.4 615.0  533.3 3210.0   
Cd (μg/L) 3.0 3.2 0.6 2.5 6.3   
Cr (μg/L) 23.9 22.8 5.0 3.6 116.0   
Cu (μg/L) 14.3 6.0 15.0 40.3 56.0   
Fe (μg/L) 1543.3 790.9  835.0    
Mn (μg/L) 185.6 50.8      
Ni (μg/L) 115.1 63.5  20.7 45.0   
Pb (μg/L) 64.0 59.0 22.0 41.8 46.0   
Zn (μg/L) 130.8 42.5 178.0 620.0 110.0     
aMean of detectable concentration in CPLSW 
bGeometric mean concentrations of stormwater runoff from commercial parking lot in 
Madison, Wisconsin 
cMean concentrations of parking lot runoff from a simulated rainfall in Longbeach, 
California 
dMean concentrations of parking lot runoff from residential, commercial/institutional, and 
industrial sites in Birmingham, Alabama 
eEvent mean concentrations from parking lot runoff in Kongju, Korea 





Table 10 Percentage of storm events with at least one sample exceeding WQC or NPDES 
criteria or eliciting significant toxicity. 
 
  Site 
Constituent A B 
  Percentagea / nb Percentage / n 
pH  90% / 20 100% / 16 
Alkalinity 100% / 20 100% / 16 
TSS  78% / 18 46% / 15 
BOD 11% / 18 0% / 12 
COD  77% / 18 46% / 15 
O/G 22% / 9 17% / 6 
Elements, Total    
Aluminum 74% / 19 67% / 12 
Cadmium 32% / 19 33% / 12 
Chromium 0% / 16 0% / 12 
Copper 68% / 19 42% / 12 
Iron 84% / 19 83% / 12 
Lead 53% / 19 33% / 12 
Manganese 0% / 16 0% / 12 
Nickel 5% / 19 0% / 12 
Zinc 63% / 19 25% / 12 
Toxicity   
C. dubia Survival 20% / 5 50% / 2  
C. dubia Reproduction 60% / 5 50% / 2 
P. promelas Survival 100% / 5 100% / 2 
aPercentage of storm events exceeding criteria 


























FRACTIONATION OF CAMPUS PARKING LOT STORMWATER AND 





Stormwater runoff from parking lots often contains elements and compounds in 
forms and concentrations that may pose risks to biota in receiving aquatic systems 
(Bannerman et al., 1993; Greenstein et al., 2003). Parking lot stormwater runoff results 
from rainwater or snowmelt that contacts impervious or semi-impervious surfaces used 
for vehicle storage, and mobilizes inorganic and organic constituents. Factors including 
rainfall characteristics (e.g. duration, intensity, and antecedent conditions), traffic 
intensity, and parking lot maintenance influence the type and concentrations of 
constituents and consequently the toxicity of parking lot stormwater runoff (Tiefenthaler 
et al., 2003; Greenstein et al., 2004). Campus parking lot stormwater (CPLSW) runoff 
has the potential to adversely affect biota in downstream receiving systems due to 
physicochemical characteristics (Chapter 2). To ensure that treatment of the targeted 
constituent or constituents can effectively mitigate the risks of CPLSW, it is necessary to 
identify toxic fractions of this complex mixture and to understand the contributions of 
constituents to the observed toxicity.  
Knowledge of background physicochemical composition and potential sources of 
contamination provides information important for understanding factors responsible for 
observed toxicity (Ankley et al., 1990). Since most parking lots are used solely for 
parking and storage of vehicles, potential sources of toxicity in CPLSW can be identified. 
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Vehicular deposits contribute both inorganic and organic constituents to urban 
stormwater (Davis et al., 2001; Kim et al., 2005). Elements of interest reported in parking 
lot stormwater include: aluminum (Al), cadmium (Cd), chromium (Cr), copper (Cu), iron 
(Fe), lead (Pb), manganese (Mn), nickel (Ni), and zinc (Zn) (Ball et al., 1998; Davis et 
al., 2001; Pitt and Lalor 2000; Sansalone et al., 1997). Parking lot stormwaters routinely 
have the highest detection frequencies of organic constituents (e.g. petroleum 
hydrocarbons) compared with runoff from other land uses (e.g. street runoff, vehicle 
service areas, and landscaped areas; Pitt et al., 1995). Parking lot sealers, trash, and paints 
contribute constituents in CPLSW (Kszos et al., 2004; Mahler et al., 2005). Due to the 
relatively low ionic strength of rainwater and the lack of buffering capacity of asphalt 
parking lot surfaces (Sansalone and Buchberger 1997), stormwater can have hydrogen 
ion concentrations (i.e. pH) that elicit toxicity. Because CPLSW is a complex mixture of 
elements and compounds that may be present in forms and concentrations that are toxic 
to receiving system biota, toxicity identification evaluations (TIEs) could be a useful tool 
to identify and assess sources of toxicity. Results from this evaluation are necessary for 
development of appropriate mitigation strategies which may include source control as 
well as passive treatment.  
TIEs are operationally-defined chemical and physical manipulations combined 
with toxicity tests to identify general components and classes of compounds that cause 
adverse effects to sentinel species (Mount 1989; Norberg-King et al., 1992; Van Sprang 
and Janssen 2001). The initial step in a TIE is a treatability-based approach that consists 
of toxicant characterization steps in which general classes of compounds that cause 
toxicity are identified (Ford, 1998). TIE methods have been applied for understanding 
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sources of toxicity in some stormwaters (Bay et al., 2003; Kayhanian et al., 2007; Lopes 
and Fossum 1995). TIEs could provide information regarding the fractions of concern 
(FOCs) in CPLSW that can be used to effectively design a remediation system to treat 
problematic stormwater. If manipulations decrease toxicity, then the manipulated fraction 
is designated an FOC and can subsequently be targeted for treatment.  
In order to evaluate the toxicity, sensitive, sentinel species are used. Ceriodaphnia 
dubia Richard and Pimephales promelas Rafinesque are sensitive to both inorganic and 
organic constituents which may be present in CPLSW and are routinely used in TIEs to 
assess potential risks to aquatic organisms (APHA 1998; Norberg-King et al., 1992).  
 The purpose of this study was to investigate an approach to better understand 
characteristics of toxicity in CPLSW. Specifically, the objectives of this research were: 1) 
to determine the utility of TIE methods for identifying fractions of concern (FOCs) in a 
campus parking lot stormwater (CPLSW) sample using TIE manipulations (Norberg-
King et al., 1992) and two sentinel species, C. dubia and P. promelas, and 2) to discern 
potential treatment pathways for the FOC(s) based on the results from the TIE 
manipulations.  
2. MATERIALS AND METHODS 
2.1 SAMPLING LOCATION 
 Grab Samples of CPLSW runoff were collected from an asphalt parking lot on the 
campus of Clemson University (Figure 1). A concrete catch basin (1.39 m x 1.09 m) 
provided discrete samples of parking lot runoff. The parking lot is an employee/visitor 
parking lot with a total of 231 available spaces and an average occupancy of 99% during 
regular semester hours (CUIR 2007). The sampling site is an unsealed asphalt surface and 
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currently shows minimal wear with relatively little maintenance. This site has raised 
curbs and little to no infiltration of rainfall. Three mature shade trees (Acer rubrum) are 
adjacent to the sampling site and contribute detritus to the parking lot surface.  
2.2 SAMPLING PROCEDURES 
 Samples of CPLSW runoff were collected during the first 2.54 mm of the storm 
event in six 20-liter polypropylene cubitainers. To obtain sufficient volume of water so 
all manipulations could be conducted on the same water, homogenized samples were 
used. Samples of CPLSW were homogenized in a 150 liter polypropylene barrel using a 
0.25 hp mixing pump. All samples used for total elemental analysis were acidified with 
trace metal grade nitric acid to a pH of ≤ 2. Grab samples for oil and grease (O/G) were 
also collected in 1 liter I-CHEM® glass bottles. Samples for O/G analyses were acidified 
with technical grade hydrochloric acid to a pH of ≤ 2 and analyzed within 48 hours of 
collection. After collection, all samples were stored at 4 ± 1°C until analyses and toxicity 
tests were performed. 
2.3 ANALYTICAL PROCEDURES 
Element concentrations (Al, Cd, Cr, Cu, Fe, Pb, Pb, Mn, Ni, and Zn) were 
measured using an Inductively Coupled Plasma Atomic Emission Spectrometer (Spectro 
Flame Modula; ICP-AES) following EPA method 200.7 (USEPA 2001). Other water 
characteristics measured included: temperature, pH, alkalinity, hardness, dissolved 
oxygen (DO), chemical oxygen demand (COD), 5 day biological oxygen demand (BOD), 





2.4 TOXICITY IDENTIFICATION EVALUATIONS  
Physical and chemical manipulations were conducted on this water using 
modified methods of Norberg-King et al. (1991). Manipulations consist of: 1) aeration, 2) 
filtration, 3) solid phase extraction (SPE), 4) ethylenediaminetetraacidic acid (EDTA) 
addition, 5) a pH adjustment, and 4) alkalinity and hardness adjustments (Table 2). Other 
than pH adjustments, all manipulations were conducted at initial CPLSW pH (pHi). For 
fractionation experiments, CPLSW was stored in 1 liter Nalgene® bottles at 4 ± 1°C and 
warmed to room temperature before manipulations.  
Aeration of a 1 liter sample of CPLSW was achieved by air sparging using a 0.25 
hp aerator for 24 hours for testing with P. promelas and for 14 days for testing with C. 
dubia. To obtain a filterable fraction, CPLSW was passed through a 1.2 μm glass fiber 
filter then through a 0.45μm nitro cellulose membrane filter using a glass separatory 
funnel applying vacuum suction (-700 mm Hg). Solid phase extraction for removal of 
non-polar organics was conducted based on Norberg-King et al. (1992) using 47 mm 
UltraFlow™ C18 disks eluted with HPLC grade methanol with appropriate controls. 
Volumes of 26 mls of 0.1 M EDTA were used in the chelatable fraction based on the 
hardness of CPLSW (28 mg/L as CaCO3). For the pH fraction, the samples at pHi were 
raised to a pH of 6.5-7.0 using 1.0 M NaOH solution. Alkalinity and hardness 
adjustments to CPLSW were achieved using CaCO3 (salt) additions. To increase the 
alkalinity and hardness by 24 and 46 mg/L as CaCO3, respectively, (alkalinity and 
hardness manipulations), samples were amended from a stock prepared by saturating 1 
liter of CPLSW with 0.5 grams reagent grade CaCO3 and shaking on a shaker table (140 
rpm) for 24 hours.  
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2.5 TOXICITY TESTING 
 Aeration, filtration, SPE (C18), chelation, pH adjustment, and alkalinity and 
hardness (as described above) were assessed for their ability to alter toxicity using 
sensitive sentinel species C. dubia and P. promelas. The effects of pre- and post- 
manipulated CPLSW on survival and reproduction of C. dubia and on survival of P. 
promelas were evaluated in 7 day static/renewal toxicity tests conducted following a U.S. 
EPA freshwater toxicity testing protocol with (n=30) organisms per exposure (U.S. EPA, 
2002). Ceriodaphnia dubia and P. promelas were cultured based on U.S. EPA methods 
(2002) at Clemson University’s Aquatic Animal Research Laboratory. Test organisms 
were ≤ 24 h old at the initiation of each experiment. All experiments were conducted in 
light- and temperature-controlled incubators at 23±2°C with a 16 h light/8 h dark 
photoperiod. Significant differences between survival and reproduction in manipulations 
compared to unmanipulated controls were determined by analysis of variance (ANOVA) 
with Tukey’s post-test using the Statistical Analysis System (SAS Institute 2002). 
3. RESULTS 
3.1 STORM EVENT CHARACTERIZATION AND SAMPLING  
 Samples of CPLSW were manually collected from the parking lot during a rain 
event of 2.54 mm on December 3, 2007. This event was preceded by a 7 day period 
without rainfall. General water chemistry and elemental analyses of the composite 
CPLSW sample are summarized in Table 3. Results of general water chemistry included: 
pH of 5.21 SU, DO of 8.21 mg/L, alkalinity of 4 mg/L as CaCO3, hardness of 26 mg/L as 
CaCO3, conductivity of 168 μS/cm, TSS of 221.0 mg/L, TDS of 219 mg/L, COD of 170 
mg/L, 5-day BOD of 85 mg/L, and O/G of 16 mg/L. Elemental analyses included 1,153 
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µg Al/L, non-detect Cd/L, 25 µg Cr/L, 31 µg Cu/L, 1,249 µg Fe/L, 194 µg Mn/L, 16 µg 
Ni/L, 84 µg Pb/L, and 311 µg Zn/L.   
3.2 TOXICITY IDENTIFICATION EVALUATIONS 
 Fractionations performed were: 1) aerated fraction 2) filterable fraction 3) SPE 
(C18) fraction 4) EDTA chelated fraction 5) pH adjusted fraction and 6) alkalinity and 
hardness adjusted fraction. A summary of exposures to fractions and responses of P. 
promelas and C. dubia compared to unmanipulated CPLSW is shown in Table 4. In the 
unmanipulated CPLSW sample, survival of P. promelas and C. dubia were 10% and 
60%, respectively. Cessation of C. dubia reproduction was observed in the 
unmanipulated CPLSW sample with no neonates produced by live adults. Samples of 
CPLSW manipulated by aeration (for 24 hours) and SPE (C18) significantly increased (p< 
0.05) survival of P. promelas compared to unmanipulated CPLSW (Figure 2a). 
Pimphales promelas survival averaged 69% and 71% for aerated and SPE (C18) 
manipulations, respectively (Figure 2a). EDTA amendment of CPLSW was the least 
effective method for decreasing toxicity to P. promelas with an average survival of 13% 
post-manipulation. Average survival of P. promelas in filtration, pH, and alkalinity and 
hardness manipulations was 37%, 29%, and 33%, respectively. However, survival of P. 
promelas after these manipulations did not differ significantly from survival in the 
unmanipulated CPLSW sample (average survival = 10%).  
 Ceriodaphnia dubia exposed to CPLSW aerated for 14 days had 95% survival 
compared to 60% survival in unmanipulated CPLSW. Fractions that were performed in 
addition to 14 day aeration significantly increased (p<0.05) C. dubia survival compared 
to unmanipulated CPLSW (Figure 2b). Ceriodaphnia dubia reproduction significantly 
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increased from 0 neonates/ live adult in unmanipulated CPLSW to 36 neonates/ live adult 
in CPLSW aerated for 14 days (Figure 2c). The aeration/ EDTA manipulation was the 
only fractionation technique that did not significantly increase reproduction.  
4. DISCUSSION  
 This TIE approach was used initially to determine if the methodology is 
successful for discerning the toxic fractions in a CPLSW sample. Concomitantly, the 
results from these manipulations should also indicate the fractions that are not 
problematic. For example, EDTA manipulations should decrease toxicity due to cationic 
metals (Norberg-King et al., 1992), and results from this CPLSW sample indicated that 
these metals are not causative agents in toxicity to P. promelas and C. dubia. In addition 
to manipulations, relative sensitivities of these organisms (i.e. P. promelas and C. dubia) 
can be diagnostic for determining the classes of compounds that may be causing toxicity.  
  The fish (P. promelas) were more sensitive to CPLSW than C. dubia with 
survival of 10% and 60% in the initial unmanipulated samples, respectively. This relative 
sensitivity has been observed in other vehicular related stormwaters (e.g. parking lot and 
highway stormwater; Lopes and Fossum 1995, Kayhanian et al. 2008, Chapter 2). Lopes 
and Fossum (1995) observed greater sensitivity of P. promelas to parking lot stormwater 
compared to C. dubia. Kayhanian et al. (2007) also observed P. promelas eliciting a 
greater sensitivity compared to C. dubia when exposed to highway stormwater runoff. 
Interestingly, C. dubia are typically the more sensitive aquatic species for some cationic 
metals compared to P. promelas (USEPA 2008; Suter and Tsao 1996). The patterns of 




 P. promelas survival significantly increased in two of the six manipulations 
conducted, aeration and SPE (C18). For this CPLSW sample, these results indicate that 
readily oxidizable or volatile, and non-polar organic compounds are primary causes of 
toxicity to P. promelas. Using TIEs, Lopes and Fossum (1995) also attributed toxicity to 
P. promelas to elevated concentrations of unidentified organic constituents in urban 
stormwater. Maltby et al. (1994) observed that mortality of Gammarus pulex exposed in 
highway stormwater was significantly correlated with polycyclic aromatic hydrocarbon 
(PAH) concentrations. In a study of highway runoff, Kayhanian et al. (2007) identified 
copper and zinc as the toxicants of concern through the use of TIEs using P. promelas 
and C. dubia as sentinel species. However, not all toxicity observed was accounted for by 
the metal fraction and other constituents, such as organics, may be the cause or have 
contributed to the greater sensitivity P. promelas to the stormwater.  
 For this CPLSW sample, C. dubia toxicity in terms of both survival and 
reproduction significantly decreased in the 14 day aeration fraction. This manipulation 
suggests that volatile or readily oxidizable compounds are fractions of concern. In other 
studies of similar waters, TIEs were used to identify both organics and metals as potential 
causative agents of toxicity.  For other vehicular related stormwaters, TIEs using C. dubia 
as the test species illustrated that the dissolved fraction of Cu and Zn in addition to an 
unidentified organic toxicant(s) were the primary causes for the observed toxicity 
(Kayhanian et al., 2007). Using a TIE and C. dubia for parking lot stormwater, toxicity 
observed was attributed to both organic constituents and dissolved metals (Lopes and 
Fossum, 1995). In another study of parking lot stormwater, toxicity observed using sea 
urchin fertilization was linked primarily to the dissolved phase Zn through the use of a 
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TIE (Greenstein et al., 2004). Although volatile or oxidizable compounds and non-polar 
organics were identified in this study as the FOCs, clearly both metals and organics can 
be derived from parking lots and can be FOCs.  
 Since numerous manipulations are possible using the TIE approach, scientific 
judgment is required for selecting appropriate steps to accurately characterize the 
toxicant(s) of a complex mixture and to discern appropriate steps to decrease the toxicity 
through manipulations (Mount and Anderson-Carnahan, 1988). Fractionations performed 
in these experiments were chosen based on the physicochemical characteristics of the 
sampled rain event and on constituents of concern identified in previous studies (Chapter 
2). For this CPLSW sample, TIEs that successfully decreased toxicity to P. promelas 
were 24 hour aeration and SPE with C18 filters. C. dubia toxicity, in terms of both 
survival and reproduction, were eliminated through 14 day aeration. Thus, the FOCs are 
volatile or oxidizable compounds, and non-polar organics. This study was successful for 
decreasing toxicity to both P. promelas and C. dubia from a toxic CPLSW sample. The 
results from this study suggest that the TIE methodology modified from Norberg-King et 
al. (1992) can be an effective tool for assessing and identifying potential the risks of 
CPLSW to receiving system biota. Use of TIEs to discern the FOC(s) in CPLSW serves 
to identify appropriate treatment pathways that can be implemented for mitigation of the 
adverse effects (Rodgers and Castle 2008). Based upon results from this and other 
studies, parking lot stormwaters should and can be treated, however the treatment needs 
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Table 1 Analytical methods for parameters measured in water samples from CPLSW 
(APHA 1998).                  
Parameter         Method                                  Method Detection Limit 
Temperature  Direct Instrumentation: YSI Model 52  0.5°C   
pH   Direct Instrumentation: Orion Model 420A             0.01 
Conductivity  Direct Instrumentation: YSI 30   0.1 µS/cm 
Alkalinity  Standard Methods: 2320 B   2 mg/L as CaCO3 
Hardness  Standard Methods: 2340 C   2 mg/L as CaCO3 
DOa   Direct Instrumentation: YSI Model 52  0.1 mg/L 
CODb   Closed reflux colorimetry (HACH -             3 mg/L 
      modified from Standard Methods: 5220D) 
BOD5c   Standard Methods: 5210 B    0.1 mg/L 
TSSd   Standard Methods: 2540 D    0.1 mg/L 
TDSe   Standard Methods: 2540 C    0.1 mg/L                                                                
Metals     Inductively Coupled Plasma Atomic Emission      0.045 mg/L Al 
Spectrometry (ICP-AES) (EPA Method 200.7)     0.003 mg/L Cd  
                          0.006 mg/L Cr 
              0.005 mg/L Cu 
                0.020 mg/L Fe     
               0.059 mg/L Pb 
        0.002 mg/L Mn 
        0.015 mg/L Ni 
        0.002 mg/L Zn 
O/G   EPA Method 1664, Revision A (U.S. EPA 1999) 5 mg/L 
Toxicity  Ceriodaphnia dubia 
   Pimphales promelas (U.S. EPA, 2002) 
 
a Dissolved Oxygen    d Total Suspended Solids 
b Chemical Oxygen Demand   e Total Dissolved Solids 





Table 2 Manipulations performed on CPLSW. 
Manipulation Objective 
Aerationa,b Remove volatile and readily oxidizable compounds 
Filtrationa Remove suspended solids 
SPE (C18)a Remove semi-volatile, non-polar organic compounds 
EDTA chelationa Remove of cationic metals 
Minor pH adjustments b Increasing pH (6.5-7.0 SU) 
Minor alkalinity and harness adjustmentsb Increasing alkalinity and hardness (24 and 46 mg/L as CaCO3) 
aTraditional TIE manipulations based on Norberg-King et al. (1992). 
bModified TIE manipulations  
 
 
Table 3 General water characteristics of unmanipulated CPLSW used in TIEs. 
Constituent  CPLSW 
pH (SU) 5.21 
Alkalinity (mg/L as CaCO3) 4 
Hardness (mg/L as CaCO3) 26 
Conductivity (uS/cm) 168 
TSS (mg/L) 221 
TDS (mg/L) 219 
BOD (mg/L) 85 
COD (mg/L) 170 
O/G (mg/L) 16 










   ND Non-detect 
 






Table 4 Summary of exposures and responses of P. promelas and C. dubia in 7 day 
static/renewal TIE experiments compared to unmanipulated CPLSW.  
 
    Responsea 
Manipulation Endpoint Measured Decrease No  Increased  
    Toxicity Change Toxicity 
   P. promelas survival      
Aerationb   X    
Filtration     X   
C18   X    
EDTA     X   
pH     X   
Alkalinity & Hardness     X   
  C. dubia survival      
Aerationc   X    
Aeration/Filtration   X    
Aeration/C18   X    
Aeration/EDTA   X    
Aeration/Alkalinity & Hardness   X    
  C. dubia reproduction      
Aerationc   X    
Aeration/Filtration   X    
Aeration/C18   X    
Aeration/EDTA     X   
Aeration/Alkalinity & Hardness   X     
 aAs compared to unmanipulated CPLSW 
 b24 hour aeration 




































































































































Figure 2 Lethal (a & b) and sublethal (c) responses of P. promelas and C. dubia exposed 
to manipulated and unmanipulated CPLSW. Responses with different letters represent 







PERFORMANCE OF A PILOT-SCALE CONSTRUCTED WETLAND 





 Campus parking lot stormwater (CPLSW) runoff results from rainwater or 
snowmelt that contacts impervious surfaces used periodically or regularly for vehicle 
parking. This runoff or stormwater mobilizes both organic and inorganic constituents 
(Davis et al., 2001; Tiefenthaler et al., 2003). These dissolved and suspended constituents 
include metals (i.e. Al, Cd, Cr, Cu, Fe, Pb, and Zn) as well as organics (i.e. oil and 
grease; O/G) that occur in concentrations that may pose risks to receiving aquatic systems 
(Pitt et al., 1995; Ball et al., 1998; Pitt and Lalor 2000; Davis et al., 2001; Greenstein et 
al., 2004). Specifically, cationic metals (e.g. Cu and Zn) and petroleum hydrocarbons 
(e.g. O/G) have been identified as causes of toxicity in samples of stormwater from 
parking lots and roadways (Lopes and Fossum 1995; Maltby et al., 1995; Kayhanian et 
al., 2007). In addition to constituents dissolved and suspended in stormwater, the lack of 
dissolved ions (i.e. low ionic strength and ionic imbalance) as well as a preponderance of 
hydrogen ions (i.e. low pH) in stormwater may contribute to the potential to cause 
adverse effects for biota in receiving systems (Sansalone and Buchberger 1997).  
 With the recent advent of toxicity testing for stormwater and emphasis on “non-
point” source discharges, tests with sensitive sentinel species such as Ceriodaphnia dubia 
Richard and Pimephales promelas Rafinesque indicate the potential for adverse effects in 
receiving aquatic systems (Lopes and Fossum 1995; Kayhanian et al., 2007). The 
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majority of the toxicity observed in stormwater from parking lots is associated with the 
initial portion of runoff from storm events (Lopes and Fossum 1995; Chapters 2 and 3). 
While the evidence is accumulating that stormwater runoff from impervious surfaces like 
parking lots can adversely affect downstream biota, specifically designed risk mitigation 
strategies to treat toxic constituents in runoff have been slow to appear. We propose that 
passive treatment systems such as constructed wetlands could be specifically designed to 
effectively and efficiently treat parking lot stormwater runoff. 
 Treatment of problematic constituents in stormwater can likely be achieved 
through transfers and transformations of those constituents into nontoxic or 
nonbioavailable forms (Murray-Gulde et al., 2005a; Huddleston et al., 2008). As for all 
treatment systems, alteration of exposures of problematic constituents is a primary option 
to accomplish decreases in concentrations of constituents of concern (COC) or 
production of nonbioavailable forms. In this case, some amendments of constituents to 
stormwater may be required to alleviate or overcome toxicity due to ion imbalance 
(Goodfellow et al., 2000) or lack of ionic strength (e.g. pH and hardness). Although 
specifically designed constructed wetland treatment systems (CWTS) have successfully 
treated many of the COCs independently, a robust system is needed to treat the variety of 
COCs that may be found in stormwater runoff. In CPLSW, COCs include metals and 
organics as well as ionic imbalance (e.g. pH; Chapter 2). 
 CWTS can be designed to incorporate specific processes and pathways for 
treatment of the targeted constituents in CPLSW (Rodgers and Castle 2008). For 
example, cationic metals (e.g. Zn+2 and Cu+2) can be precipitated in sediments after 
complexation with organics in detritus (Murray-Gulde et al., 2005b). The precipitates (i.e. 
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sulfides, carbonates) formed are relatively insoluble (CuS; ksp=10-16; Stumm and Morgan 
1996) Organics such as O/G can be sorbed and biodegraded in the CWTS (DeLaune et 
al., 1990; Hawkins et al., 1997; Johnson et al., 2008). Absence of alkalinity and low pH 
can be mitigated by allowing the CPLSW to contact calcium carbonate (CaCO3) substrate 
in the CWTS. Transfer and transformation rates and extents for the targeted constituents 
can be measured in physical models or pilot-scale CWTS (Huddleston et al., 2008).  
Pilot-scale systems are physical models of the theory used to specifically design a 
treatment system, are easily manipulated to evaluate performance, and provide proof-of-
concept data (Rodgers and Castle 2008). Removal rates and extents for constituents can 
be estimated in pilot-scale studies to decrease uncertainties and confirm design features 
for future, field-scale constructed wetland treatment systems (Murray-Gulde et al., 2005a; 
Johnson et al., 2008; Huddleston et al., 2008). Pilot-scale CWTS can be coupled with 
simulated CPLSWs to develop design criteria for full-scale implementation and simulated 
CPLSW can be used to measure the performance of a pilot-scale system. In order to 
replicate experiments and avoid difficulties of sampling large quantities of stormwater, 
simulated waters can be formulated. The simulated waters are formulated to closely 
mimic the composition of actual CPLSW based on data from physicochemical 
characterization (Chapter 2). Simulated waters allow for complete knowledge of system 
input, which allows for accurate comparison with system output (Johnson et al., 2008). 
The goal for performance of CWTS is to decrease concentrations of COCs and decrease 
toxicity from the inflow of simulated CPLSW to the outflow from the CWTS. Toxicity 
testing can confirm removal of toxicity and the potential for success of remediation 
strategies. Sentinel species such as C. dubia and P. promelas are sensitive to changing 
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species of potentially toxic elements, decreases in elemental toxicity, and potential 
interactions between compounds or elements present in simulated CPLSW that chemical 
analyses may not detect (APHA 1998).  
Performance data from pilot-scale CWTS can be used to evaluated the feasibility 
of this approach for CPLSW and provide useful design and scaling factors. Specific 
objectives of this research were: 1) to characterize CPLSW and formulate simulated 
CPLSW; 2) to design and construct pilot-scale CWTS to remove specific targeted 
constituents in simulated CPLSW; and 3) to measure performance of the pilot-scale 
CWTS in terms of decreased concentrations of targeted constituents from inflow to 
outflow with concomitant decreases in adverse effects on sentinel species.   
2. MATERIALS AND METHODS 
2.1 CHARACTERIZATION OF CPLSW AND FORMULATION OF SIMULATED CPLSW 
CPLSWs were characterized in order to identify COCs and their concentrations to 
determine the composition of simulated waters used in the pilot-scale CWTS. 
Constituents of concern in CPLSW were determined after physicochemical 
characterization of CPLSW from 20 storm events (≈180 samples) over 10-months. 
Rainfall accumulations from storm events ranged from 0.25 mm to 66.8 mm and 
antecedent dry days from 3 days to 37 days. Samples of CPLSW analyzed for element 
concentrations (Al, Cd, Cr, Cu, Fe, Pb, Pb, Mn, Ni, and Zn) were measured with an 
Inductively Coupled Plasma Atomic Emission Spectrometer (Spectro Flame Modula; 
ICP-AES) following EPA method 200.7 (USEPA 2001). All samples used for total 
elemental analyses were acidified with trace metal grade nitric acid (Fisher Scientific) to 
a pH of ≤ 2 SU. Oil and grease (O/G) samples were collected as grab samples using 1-
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liter I-Chem® glass bottles. If holding time was greater than 4 hours for O/G analyses, 
samples were acidified with technical grade hydrochloric acid (Fisher Scientific) to a pH 
of < 2 SU and stored at 4 ± 1°C for < 28 days. General water chemistry analyses 
included: temperature, pH, conductivity, alkalinity, hardness, dissolved oxygen (DO), 
chemical oxygen demand (COD), and biochemical oxygen demand (BOD), total 
dissolved solids (TDS), total suspended solids (TSS), and O/G (Table 1; APHA 1998). 
Constituents of concern were identified as physical or chemical constituents in 
CPLSW at sufficient concentrations to pose potential risks to receiving system biota. The 
United States Environmental Protection Agency (USEPA) Water Quality Criteria (WQC) 
documents and National Pollutant Discharge Elimination System (NPDES) general 
stormwater permits were used to identify COCs in CPLSW. Constituents in CPLSW with 
concentrations exceeding NPDES permit limits or WQC were deemed COCs (Table 2). 
Characterization data were used to formulate simulated CPLSW. In order to mimic the 
low ionic strength of stormwater, municipal water (Alkalinity = 6-10 mg/L as CaCO3; 
Hardness = 2-6 mg/L as CaCO3) was used for formulations of simulated CPLSW. 
Simulated CPLSWs used in CWTS experiments were prepared by mixing regent grade 
salts (Fisher Scientific) and new oil (Havoline® 10W 30) in municipal water to achieve 
target inflow concentrations for simulated CPLSW (Table 3).  
2.2 DESIGN OF PILOT-SCALE CWTS 
 The pilot-scale system was specifically designed to target or enhance pathways of 
removal (i.e. transfers or transformations) of COCs in the simulated CPLSW. Metals may 
be removed through biogeochemical processes including: organic complexation with 
detritus, hydrolysis, sorption to biotic and abiotic exchange sites, and precipitation of 
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cationic metals (i.e. sulfide and carbonate precipitation) (Ford 1998; Hawkins et al., 
1997; Murray-Gulde et al., 2005a; Rodgers and Castle 2008). Organic constituents (i.e. 
O/G) can be removed through processes including: sorption, oxidation, and 
biodegradation (Hawkins et al., 1997; Murray-Gulde et al., 2003; Johnson et al., 2008; 
Rodgers and Castle 2008). The ionic imbalance can be alleviated using calcium carbonate 
(CaCO3) substrate. Specific design and construction methods for each component in the 
pilot-scale CWTS are outlined below (Figure 1). 
2.2a SIMULATED CPLSW HOLDING TANKS 
 In this pilot-scale system, holding tanks were used for formulation and storage of 
simulated CPLSW. Holding tank A, where the simulated water was mixed and stored, 
was a 3780 L polypropylene carboy. Simulated CPLSW was homogenized using a 1.5 hp 
mixing pump. Holding tank B was a 150 L polypropylene barrel used to capture and store 
water that flowed from the calcium carbonate cell. Water from holding tank B was 
pumped using FMI® pumps into the first of the wetland cells.  
2.2b CALCIUM CARBONATE CELL 
 The calcium carbonate cell was designed to add buffering capacity (i.e. alkalinity 
and hardness) to the simulated CPLSW. This cell was a 378 L Rubbermaid® container 
was filled with approximately 136 kg of oyster shells (98% CaCO3 by weight) and held 
approximately 140 L of water. Simulated CPLSW was delivered to the CaCO3 cell using 
FMI® piston pumps, calibrated to deliver 194 mL/min to achieve a nominal 12 hour 
hydraulic retention time (HRT). Simulated CPLSW was percolated through the CaCO3 




2.2c WETLAND CELLS 
 The wetland cells consisted of two replicated series each containing four wetland 
cells. The four cells in series provided sampling locations and prevented “short 
circuiting” of flow. Each cell was contained in 378 L Rubbermaid® containers that were 
121 cm long by 77 cm wide by 63 cm deep. The cells were connected by PVC pipe 
fittings approximately 6 cm below the top of each Rubbermaid® container to allow 
gravity flow from each cell. The selected vegetation for the first of the wetland cells was 
giant bulrush (Schoenoplectus californicus C.A. Meyer). Schoenoplectus californicus was 
selected based on its ability to maintain reducing hydrosoil (Hawkins et al., 1997; 
Gillespie et al., 1999; Murray-Gulde et al., 2005b) and provide a source of organic matter 
over time (Huddleston et al., 2000). The selected hydrosoil for the first two cells was 
river sediment (Eighteen Mile Creek, South Carolina) added to a depth of 30 cm to 
provide an adequate root zone for S. californicus. Amendments to the top 10 cm of the 
hydrosoil included 3% hay (by volume) [as an organic matter and energy source] and 
1.5% pelletized gypsum (CaSO4·2H2O) [as a sulfur source for dissimilatory sulfate 
reduction; Vymazal et al., 1998]. The vegetation for the final two cells in the series was 
narrowleaf cattail (Typha angustifolia L.). These final two cells contained porous quartz 
sand hydrosoil with no organic carbon amendments in order to facilitate aerobic 
conditions. Each cell contained approximately 140 L of surface water. By maintaining a 
flow rate of 97 mL/min, the nominal HRT of the CWTS was 24 hours per cell or 96 





2.3 PERFORMANCE OF PILOT-SCALE CWTS 
Performance of these systems (as described above) is based on decreasing 
aqueous concentrations of COCs and consequently decreasing toxicity from inflow to 
outflow of simulated CPLSW. Based on identification of COCs that pose potential risks 
for receiving aquatic system biota, six targeted constituents (Al, Cu, Ni, Zn, O/G, and 
pH) were chosen to represent CPLSW composition to evaluate treatment efficacy.  
Explanatory parameters were measured to understand background conditions in 
the system and the potential for specific transfers and transformations of constituents of 
concern to occur and included: pH, alkalinity, hardness, DO, and bulk redox potential 
(Table 1). The target inflow concentrations for simulated CPLSWs are shown in Table 3. 
Percent metal removal was calculated by: 
% removal = ([A0] - [A] ) 100 
          [A0]    Equation 1 
 
where [A] is the final outflow metal concentration (µg/L), [A0] is the initial inflow metal 
concentration (µg/L). Rate coefficients for removal of metals from the water column 
were estimated assuming a first-order reaction rate:  
 
k = - ln ([A]/[A0]) 
t         Equation 2 
 
where k is the rate coefficient (day-1), [A] is the final outflow metal concentration (µg/L), 
[A0] is the initial inflow metal concentration (µg/L), and t is hydraulic retention time 
(days) for the entire system.  
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As another measure of treatment performance, toxicity experiments were used to 
determine differences in pre- and post-treatment samples and estimate potential risks for 
receiving system organisms. Ceriodaphnia dubia and P. promelas were cultured based on 
U.S. EPA methods (2002) at Clemson University’s Aquatic Animal Research Laboratory. 
Test organisms used were ≤ 24 h old at the initiation of each experiment. Ceriodaphnia 
dubia (n=20) and P. promelas (n=30) were exposed to pre-treated (inflow) and treated 
(outflow) simulated CPLSW in 7-day static/renewal toxicity tests conducted following a 
modified U.S. EPA freshwater toxicity testing protocol (U.S. EPA 2002). Toxicity to C. 
dubia was evaluated by measuring survival and reproduction, while effects on P. 
promelas were evaluated by measuring survival. Statistical differences for mortality were 
determined by chi-square analysis, and differences in reproduction were determined 
using analysis of variance (ANOVA) with Dunnett’s mean separation (SAS 2002).    
3. RESULTS AND DISCUSSION 
3.1 CHARACTERIZATION OF CAMPUS PARKING LOT STORMWATER  
 The purpose for characterizing CPLSW was to determine COCs that may pose 
risks to the receiving aquatic system and to accurately simulate CPLSWs for experiments 
to determine performance of the pilot-scale CWTS. Constituents of concern were those 
elements or compounds that pose potential risks for receiving aquatic system biota based 
on exceedance of WQC documents or NPDES permit parameters (Table 2). Based on 
these analyses, COCs in CPLSW are pH, TSS, BOD, COD, O/G, Al, Cd, Cu, Fe, Ni, Pb, 
and Zn. Interestingly, the low ionic strength and pH of CPLSW may require addition of 
constituents in a risk mitigation approach in order to effectively decrease risks to aquatic 
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biota. Given the characterization of CPLSW, it is clear the inorganics, organics, and ionic 
imbalance (i.e. low pH) need to be targeted for treatment.  
 This characterization of COCs was used for formulation of simulated CPLSW to 
evaluate the treatment effectiveness of the pilot-scale CWTS. CPLSWs were grouped 
into three categories (i.e. “low”, “medium”, and “high” concentrations) representing 
actual CPLSW observed during a 10-month sampling period during 2006-2007. 
Simulated CPLSW categories ranged from a “low” simulated water that represented 
concentrations from an average storm event and a “high” which represented 
concentrations typical of a “first flush” sample. The “medium” water category was the 
median concentrations of the two ranges. In order to effectively formulate a simulated 
CPLSW, achieving appropriate ionic balance requires properly select salts to replicate 
concentrations of metals in actual CPLSW. To measure the performance of the pilot-scale 
CWTS, six targeted constituents (Al, Cu, Ni, Zn, O/G, and pH) were chosen to monitor 
changes in simulated CPLSW (Table 3).  
3.2 SYSTEM DESIGN AND CONSTRUCTION 
 The pilot-scale CWTS was designed and constructed to target specific removal 
pathways of COCs in CPLSW. Figure 1 is a schematic of the pilot-scale system used for 
treatment of simulated CPLSWs. These pilot-scale CWTS were designed to enhance 
pathways of removal that allow chemical reactions (e.g. transfers and transformations) to 
occur. These reactions facilitate transfers and transformations of metals (e.g. Al, Cu, Ni, 
and Zn) into relatively insoluble and nonbioavailable forms (Brookings, 1988). Simulated 
CPLSWs were formulated and mixed in the primary holding tank for duration of 24 hrs 
prior to introduction into the treatment system to ensure consistent concentrations during 
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experiments. The first wetland cells (S. californicus) were designed based on studies that 
indicate that low redox conditions of -250 to -100 mV allow decrease in aqueous 
concentrations of metals through  precipitation of cationic metals as sulfide minerals (e.g. 
CuS and ZnS; Brookins 1988; Murray-Gulde et al., 2005a). In addition to sulfide mineral 
precipitation, a CaCO3 substrate was used in treatment of the simulated CPLSW in order 
to increase pH and hardness and form metal carbonate precipitates (i.e. CuCO3, NiCO3; 
Sheoran et al., 2006). The organic fraction (i.e. O/G) was targeted for removal using 
sorption and biodegradation in the CWTS (DeLaune et al., 1990; Hawkins et al., 1997; 
Johnson et al., 2008).  
3.3 PERFORMANCE 
3.3a CONSTITUENTS OF CONCERN 
 The concentrations of constituents of concern in untreated and treated simulated 
CPLSW (i.e. inflow to outflow) were measured. Percent removal and removal rates were 
calculated assuming a first order rate removal for the outflow of the simulated water 
tested. The targeted COCs (i.e. Al, Cu, Ni, Zn, and O/G) were effectively removed from 
the water column by the pilot-scale CWTS.  
 Average pH of inflow water was 5.5, 5.0, and 4.7 (SU) for simulated water “low”, 
“medium”, and “high”, respectfully. After a 4.5 day HRT, average outflow pH was 6.6, 
7.5, and 7.71 SU. These results are typical given the contact time that was available for 
the inflow water with the CaCO3 bed. Calcium carbonate substrates have been 
successfully used for other waters (e.g. acid mine drainage) to increase the pH of inflow 
water (Gazea et al., 1995). Hardness was also increased by an average of 158, 223, and 
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92 (mg/L as CaCO3) from inflow to outflow in simulated waters “low”, “medium”, and 
“high”, respectfully.  
 A summary of the mean removal rates and extents is shown in Table 4. Percent 
removal and removal rate coefficients for Al ranged from 94.3 to 98.7 % and 0.636 to 
0.971 day -1. Mine drainage treated by constructed wetlands has also shown similar 
removals of Al at >90% (ITRC 2003). Percent removal and removal rate coefficients for 
Cu ranged from 25.3 to 60.6% and 0.064 to 0.207 day -1. Percent removal and removal 
rate coefficients for Zn ranged from 63.2 to 97.9% and 0.224 to 0.859 day -1. Other 
studies have shown comparable removal of constituents described here (Hawkins et al., 
1997; Scholes et al., 1998).  In a wetland treating urban runoff, Scholes et al., (1998) 
observed comparable removal ranging from 92 to 100% for both Cu and Zn. Hawkins et 
al., (1997) observed similar removal rates of 33 and 85% for Cu and Zn from a full scale 
wetland that was designed to treat cationic metals. Percent removal and removal rate 
coefficients for Ni ranged from 87.7 to 98.5% and 0.466 to 0.935 day -1. This pilot-scale 
study on CPLSW had higher removal rates for Ni than observed in Scholes et al., (1998) 
in which only 17% of Ni was removed from the aqueous phase. Based on the removal 
rates and extents previous discussed, removal pathways for COCs were likely achieved in 
this pilot-scale CWTS design. In these experiments, Al, Cu, Ni, and Zn were generally 
removed in the CaCO3 cell, indicating that metal carbonate precipitates were a primary 
pathway of removal. Removal of Al, Cu, Ni, and Zn from the water column by the pilot-
scale CWTS is illustrated in Figures 2-5. 
 Oil and grease concentrations were successfully decreased in the three simulated 
waters tested. Mean inflow concentrations of O/G were 11, 16, and 24 mg/L for water 
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categories “low”, “medium”, and “high”, respectively. Mean outflow concentrations were 
non-detect (<5.0 mg/L) for “low”, “medium” and “high” simulated waters. Percent 
removal and rate coefficients for O/G ranged from 54.5 to 79.2% and 0.175 to 0.349 day -
1 when inflow concentrations were compared to outflows of 5 mg/L (detection limit). 
Hawkins et al. (1997) observed comparable removal for O/G from a full scale wetland 
with a mean inflow concentration of 19.6 mg/L and outflow of <5.0 mg/L (non-detect). 
Processes such as sorption, volatilization, photolysis, and microbial degradation can be 
largely responsible for removal of O/G (Hawkins et al. 1997; Rodgers and Castle 2008).  
3.3b TOXICITY TO CERIODAPHNIA DUBIA AND PIMEPHALES PROMELAS 
 As another measure of performance, toxicity of inflows and outflows from the 
pilot-scale CWTS was assessed using C. dubia and P. promelas for each simulated 
CPLSWs (low, medium, and high). Toxicity was evaluated by exposing organisms in 7-
day static renewal test to inflow water, outflow from CaCO3 cell, outflow from cells B (S. 
californicus), and outflow from cells D (T. angustifolia).  
 Responses of both C. dubia and P. promelas to simulated CPLSW are illustrated 
in Figure 6. Inflows from the “low”, “medium”, and “high” simulated CPLSW were toxic 
to both species (i.e. 0% survival to both C. dubia and P. promelas). Toxicity to C. dubia 
and P. promelas was successfully decreased with mean outflow from all three simulated 
waters (i.e. “low”, “medium”, and “high”) ranging from 97-99% survival. Of the three 
compositions of simulated CPLSWs tested, the “medium” and “high” simulated waters 
significantly decreased (p<0.05) reproduction in C. dubia exposed to the outflow of 
CaCO3 cell. However, C. dubia reproduction was not impaired from the remaining two 
outflows of the system (i.e. Outflow Cell B and Outflow Cell D). Given the effective 
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removal of previously discussed COCs in the simulated CPLSWs, the observed decrease 
in toxicity was anticipated. These data illustrate that first-flush stormwater (i.e. increase 
in concentration of constituents and toxicity; Kim et al., 2007; Chapter 2) can be treated 
in a CWTS.  
4. CONCLUSION 
 As campuses grow, typically the amount of impervious surfaces increases along 
with risks to the receiving system (e.g. decrease in species diversity and biotic integrity; 
Pratt et al., 1981; Roy et al., 2003). Therefore, an integrated approach for risk mitigation 
of CPLSW is likely the most economically viable and socially acceptable solution. In this 
pilot-scale CWTS, decreased concentrations of constituents of concern and significantly 
decreased (p<0.05) toxicity was achieved from untreated (inflow) to treated (outflow) in 
all formulations of simulated CPLSW tested. This study provided proof-of concept data 
that shows COCs such as metals and petroleum hydrocarbons (i.e. O/G) can be 
sufficiently removed from the water column to decrease subsequent risks to aquatic biota. 
Devices can be engineered to divert “first flush” water to a CWTS. This used in 
conjunction with permeable surfaces (i.e. surface materials as well as grass or vegetated 
swells; Rushton 2001; Roseen et al., 2006; Piguet et al., 2008) could mitigate risks for 
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Figure 1 Schematic for the pilot-scale constructed wetland treatment system for 
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Table 1 Analytical methods for parameters measured in water samples from CPLSW 
(APHA 1998).                  
Parameter         Method                                  Method Detection Limit 
Temperature  Direct Instrumentation: YSI Model 52  0.5°C   
pH   Direct Instrumentation: Orion Model 420A             0.01 
Conductivity  Direct Instrumentation: YSI 30   0.1 µS/cm 
Alkalinity  Standard Methods: 2320 B   2 mg/L as CaCO3 
Hardness  Standard Methods: 2340 C   2 mg/L as CaCO3 
DOa   Direct Instrumentation: YSI Model 52  0.1 mg/L 
CODb   Closed reflux colorimetry (HACH -             3 mg/L 
      modified from Standard Methods: 5220D) 
BOD5c   Standard Methods: 5210 B    0.1 mg/L 
TSSd   Standard Methods: 2540 D    0.1 mg/L 
TDSe   Standard Methods: 2540 C    0.1 mg/L                                                                
Metals     Inductively Coupled Plasma Atomic Emission      0.045 mg/L Al 
Spectrometry (ICP-AES) (EPA Method 200.7)     0.003 mg/L Cd  
                          0.006 mg/L Cr 
              0.005 mg/L Cu 
                0.020 mg/L Fe     
               0.059 mg/L Pb 
        0.002 mg/L Mn 
        0.015 mg/L Ni 
        0.002 mg/L Zn 
O/G   EPA Method 1664, Revision A (U.S. EPA 1999) 5 mg/L 
Toxicity  Ceriodaphnia dubia 
   Pimphales promelas (U.S. EPA, 2002) 
Bulk Redox  Standard Voltmeter, Accumet calomel reference     ±10mV 
   electrode, and in situ platinum-tipped electrodes  
   (Faulkner et al., 1989). 
 
a Dissolved Oxygen    d Total Suspended Solids 
b Chemical Oxygen Demand   e Total Dissolved Solids 
c Five-day Biological Oxygen Demand 
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Table 2 Constituents of Concern in CPLSW based on exceedance to WQC documents or 
NPDES permits. 
 
  Concentration in CPLSW Criteria1 Risk     
Constituent Range Range Quotientb COCs Units 
  Min. Max. Min. Max.       
pH 3.6 6.7 6.00 9.00 NA pH SU 
TSS ND 585  100 5.85 TSS mg/L 
BOD ND 71  30 2.37 BOD mg/L 
COD ND 803  120 6.69 COD mg/L 
O/G ND 79  15 5.27 O/G mg/L 
Elements, Total        
Aluminum ND 4,756  750 6.34 Al μg/L 
Cadmium ND 5 2 16 2.50 Cd μg/L 
Chromium ND 42  100 0.42  μg/L 
Copper ND 53 13 64 4.07 Cu μg/L 
Iron 55 4,012  1,000 4.01 Fe μg/L 
Lead ND 130 65 82 2.00 Pb μg/L 
Manganese ND 833  1,000 0.83  μg/L 
Nickel ND 1,206 470 1,417 2.57 Ni μg/L 
Zinc ND 908 117 120 7.76 Zn μg/L 
aWQC document and NPDES limit values 
bDetection limit used as minimum value 
NA not available, ND non-detect 
 
 
Table 3 Formulation of water categories Low, Medium, and High simulated CPLSW  
based on characterization of 20 storm events (Table 2).  
 
Constituent Chemical Source Low Medium High Units 
pH H2SO4 5.5 5 4.5 SU 
Aluminum AlCl3 ·6H20 800 2,000 4,000 μg/L 
Copper CuCl2 - 30 50 μg/L 
Nickel NiCl2·7H20 100 500 1,000 μg/L 
Zinc ZnCl2 100 450 900 μg/L 















Table 4 Mean inflow (µg/L), outflow (µg/L), % removal, and first order rate coefficients 
from CWTS experiments.   
 
Water Category   Aluminum   
  Inflow  Final Outflow  % removal k (days-1) 
Low 788 Non-Detect >94.3% 0.636 
Medium 1373 Non-Detect >96.7% 0.760 
High 3558 Non-Detect >98.7% 0.971 
 Copper 
  Inflow Final Outflow % removal k (days-1) 
Medium 32 24 25.3% 0.064 
High 51 20 60.6% 0.207 
 Nickel 
 Inflow Final Outflow % removal k (days-1) 
Low 122 Non-Detect >87.7% 0.466 
Medium 482 Non-Detect >96.9% 0.771 
High 1009 Non-Detect >98.5% 0.935 
 Zinc 
 Inflow Final Outflow % removal k (days-1) 
Low 153 56 63.3% 0.224 
Medium 419 9 97.9% 0.859 
High 925 21 97.7% 0.841 
 Oil and Grease  
 Inflowb Final Outflowb % removal k (days-1) 
Low 11 Non-Detect >54.5% 0.175 
Medium 16 Non-Detect >68.8% 0.258 
High 24 Non-Detect >79.2% 0.349 
 
 aIndicates that percent removal and rate coefficients were calculated based on limit of detection 
 values. 








































































































































































































































Figure 6 Responses of C. dubia (a) and P. promelas (b) exposed to simulated CPLSW. 
















 Campus parking lot stormwater (CPLSW) runoff mobilizes a variety of 
constituents from vehicular and atmospheric deposition that may pose risks to receiving 
aquatic systems. The overall objective of this research was to provide an approach for 
risk characterization, toxicity identification, and remediation of constituents of concern in 
CPLSW.  
 This research addressed questions concerning the characteristics of CPLSW and 
potential risks it may pose to receiving system aquatic biota with potential remediation 
strategies using pilot-scale CWTS. This research has three major objectives: (1) 
Characterize campus parking lot stormwater (CPLSW) to discern the constituents of 
concern present in these waters; (2) Perform TIE manipulations to identify possible 
fractions of concern in CPLSW, and; (3) Evaluate the performance of a pilot-scale 
constructed wetland treatment system (CWTS) designed to treat simulated CPLSW. 
 This research was initiated to contribute to our knowledge of CPLSW 
composition, and provide possible remediation approaches to treat identified problems in 
these waters.  
 
1.1 CAMPUS PARKING LOT STORMWATER RUNOFF: PHYSICOCHEMICAL 
ANALYSES AND TOXICITY TESTS USING CERIODAPHNIA DUBIA AND 
PIMEPHALES PROMELAS 
 
 The purpose of this research was to thoroughly characterize CPLSW to discern 
the composition from a variety of storm events and identify potential risks that these 
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waters may pose to receiving aquatic systems. The specific objectives were to: (1) 
measure physicochemical characteristics of CPLSW from diverse storm events; (2) 
compare physicochemical characteristics of CPLSW to WQC and NPDES general 
stormwater permits to determine potential COCs; and (3) conduct toxicity tests of 
CPLSW from diverse storm events using C. dubia and P. promelas.   
 Samples of CPLSW runoff were collected from two asphalt parking lots on the 
Clemson University campus during storm events from October 2006 through July 2007. 
After comprehensive analyses of physical and chemical constituents and comparison with 
WQC values and NPDES limits, a number of specific constituents were determined to be 
of concern. Based on these analyses, COCs in CPLSW are: pH, alkalinity, TSS, BOD, 
COD, O/G, Al, Cd, Cu, Fe, Ni, Pb, and Zn. Typically samples from the first portion of 
the storm event were more toxic than samples taken later in the storm. Ceriodaphnia 
dubia and P. promelas toxicity ranged from no detectable toxicity to complete mortality. 
 
1.2 FRACTIONATION OF CPLSW AND TOXICITY TO CERIODAPHNIA DUBIA 
AND PIMEPHALES PROMELAS 
 
 The purpose of this study was to investigate an approach to better understand 
characteristics of toxicity in CPLSW. Specifically, the objectives of this research were: 
(1) to determine the utility of TIE methods for identifying fractions of concern (FOCs) in 
a campus parking lot stormwater (CPLSW) sample using TIE manipulations (Norberg-
King et al., 1992) and two sentinel species, C. dubia and P. promelas, and (2) to discern 




 The fish (P. promelas) were more sensitive to CPLSW than C. dubia with 
survival of 10% and 60% in the initial unmanipulated samples, respectively. Samples of 
CPLSW manipulated by aeration (for 24 hours) and SPE (C18) significantly increased (p< 
0.05) survival of P. promelas compared to unmanipulated CPLSW. In addition, C. dubia 
exposed to CPLSW aerated for 14 days had 95% survival compared to 60% survival in 
unmanipulated CPLSW. TIE results suggest that volatile, non-polar, or readily oxidizable 
compounds were the primary cause of toxicity in the CPLSW sample. Results from this 
study suggest that the TIE methodology modified from Norberg-King et al. (1992) can be 
an effective tool for assessing and identifying potential the risks of CPLSW to receiving 
system biota. ). Although volatile or oxidizable compounds and non-polar organics were 
identified in this study as the FOCs, clearly both metals and organics can be derived from 
parking lots and can be FOCs (Greenstein et al., 2004; Kayhanian et al., 2007).  
 
1.3 PERFORMANCE OF A PILOT-SCALE CONSTRUCTED WETLAND 
TREATMENT SYSTEM FOR CAMPUS PARKING LOT STORMWATER 
 
Performance data from pilot-scale CWTS can be used to evaluated the feasibility 
of this approach for CPLSW and provide useful design and scaling factors. Specific 
objectives of this research were: (1) to characterize CPLSW and formulate simulated 
CPLSW; (2) to design and construct pilot-scale CWTS to remove specific targeted 
constituents in simulated CPLSW; and (3) to measure performance of the pilot-scale 
CWTS in terms of decreased concentrations of targeted constituents from inflow to 
outflow with concomitant decreases in adverse effects on sentinel species.   
 The treatment effectiveness and performance were evaluated based upon a 
decrease in concentrations and constituents of concern from inflow to outflow samples 
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and a decline in toxicity from inflow to outflow from the pilot-scale CWTS. Percent 
removal and removal rate coefficients for Cu ranged from 25.3 to 60.6% and 0.064 to 
0.207 day -1. Percent removal and removal rate coefficients for Zn ranged from 63.2 to 
97.9% and 0.224 to 0.859 day -1. In this pilot-scale CWTS, decrease concentrations of 
constituents of concern and significantly decreased (p<0.05) toxicity was achieved from 
untreated (inflow) to treated (outflow) in all formulations of simulated CPLSW tested. 
This study provided a proof-of concept data set that shows COCs such as metals and 
petroleum hydrocarbons can be sufficiently removed from the water column and decrease 
subsequent risks to aquatic biota. This study illustrates that properly designed CWTS are 
a viable option for mitigating the risks of CPLSW to the receiving system biota. The 
performance results from these pilot-scale CWTS studies can be used in the future to 
design full scale systems to treat problematic parking lot stormwater.  
 
2. CONCLUSIONS 
 Overall, this research provided a comprehensive characterization of the physical 
and chemical characteristics of CPLSW and assessed the toxicity using sentinel species. 
Characterization of CPLSW in terms of physiochemical characteristics and TIEs were 
used to design a treatment system to decrease the risks associated with CPLSW.  
 Chapter 2 of this thesis which contains a comprehensive characterization of 
CPLSW will be submitted to the journal of Water Environment Research. Chapter 3 
identifies TIE manipulations that can be used to discern fractions of concern and will be 
submitted to Environmental Monitoring and Assessment. Chapter 4 focuses on 
performance of a CWTS for treating targeted constitutes in a simulated CPLSW and will 
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